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Abstract 
Challenges encountered during daily activities are easily overcome by young adults but may be 
potential risk for falls and injuries among the elderly due to age-associated sensorimotor deficits. 
To mitigate these risks, early detection of neuromuscular changes is essential and it is important 
for these to be cost-efficient, non-invasive, high throughput and non-hazardous. Electromyogram 
(EMG) is a non-invasive recording of the muscle activity that uses inexpensive equipment and 
hence may be considered for this purpose. However, it is a gross non-specific signal and thus 
there is need for careful investigation to identify its suitability for studying age-associated 
changes to the muscles.  
This research has investigated non-invasive, superficially recorded EMG signals to identify the 
differences between young healthy adults (20-35 years) and older (60-80 years) subjects of both 
genders while they were performing isometric ankle plantar flexion and dorsiflexion. The study 
also studied age and gender differences in the maximal voluntary force, its steadiness, the time to 
reach steadiness and modulus of the force output prior to steadiness as measured at the foot plate 
during dorsi- and plantar-flexion. 
This study has experimentally demonstrated the significant increase in co-activation index 
around the ankle joint, decrease in the agonistic activity and increase in antagonistic activity in 
the major lower leg muscles due to ageing. Female participants were noted to have a higher co-
activation index in comparison to the males of corresponding age group. From the analysis, it 
was observed that ageing causes an overall decline in muscle signal complexity affecting the 
whole muscle strength in both genders. Furthermore, it was also established that within the 
triceps surae muscle group, Soleus and the gastrocnemii showed varied effects of aging.  Another 
key finding is the significant age and gender difference in the maximal force and its steadiness 
around the ankle joint during dorsiflexion.  However, these differences are less significant during 
plantarflexion. Results of this study revealed that with age, there was an increase in the total 
modulus of the force used by the participant to stabilize the foot at a desired level of contraction, 
difference being more significant during dorsiflexion.  
This study highlights the age associated neuromuscular adaptations in plantarflexor and 
dorsiflexor muscles. This is reflected in the altered activity of agonistic and antagonistic muscles 
during isometric contractions, the reduction in the overall muscle signal complexity, and 
decreased strength and steadiness of the force exerted by the calf muscles. It has established 
gender differences in the reduction of the co-activation index and decreased force strength during 
ankle flexion movements. 
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Chapter 1 
Introduction 
1.1 Overview   
World Health Organization (WHO) identifies that comprehensive public health action on 
population ageing is urgently needed in October 2015. WHO released a report on ageing and 
health which outlines a framework for action to foster Healthy Ageing built around the new 
concept of functional ability. (Organisation., World Report on Ageing and Health 2015) Current 
strategies are directed towards promoting discussion and the formulation of action plans that 
promote healthy and active ageing. This document states that actions promoting active and 
healthy ageing should aim to provide older adults continued possibilities for health, participation 
in society and security. (Organisation., Active Ageing: A Policy Framework. 2002) Important 
aspects of active ageing, as described by WHO, are independence and participation in the 
community. It is widely reported that ageing is associated with loss of skeletal muscle mass. 
(Mitchell, et al. 2015) Skeletal muscles are the actuators that power movement, and hence age-
related loss of muscle mass may eventually lead to physical disabilities and loss of functional 
independence (Landi, et al. 2012) (Cruz-Jentoft, et al. 2010) compromising active ageing. 
Ageing is considered to have a strong impact on the parameters of muscle strength, endurance, 
and fatigue. Understanding the causes of such impairments in muscle function has significant 
importance for the attempts to support healthy and active ageing.  Impairments in muscle 
function are not simply due to loss of muscle mass. Longitudinal observations from older adults 
show that age-related loss of muscle strength exceeds the loss of muscle mass by approximately 
three fold and even maintaining muscle mass does not prevent the loss of muscle strength. 
(Goodpaster, Park, et al. 2006) (Delmonico, et al. 2009) These findings highlight the fact that 
age-related loss of muscle function is not exclusively the result of loss of muscle mass, but is a 
multifactorial process including changes in the nervous and muscular systems. (Clark, Manini, et 
al. 2013) 
It is reported that the muscle weakness is not only attributable to the changes in muscle mass, but 
is also associated with neurological changes. (Merletti, et al. 2002) Changes in the 
neuromuscular system based on the effects of age can be demonstrated by measuring the loss of 
muscle mass and muscular strength in older adults. (Frontera, et al. 2000) This has an impact on 
the force/torque production because force is modulated by the number and type of motor units 
recruited and firing rate of units. The muscles of old people contain less contractile tissue as 
compared to non-contractile tissue when compared with young people which leads to decreased 
force production capability. (Kent-Braun and Ng 2000) Previous studies have suggested that the 
size of type I fibers does not change with age, but type II fast fibers undergo atrophy and greatly 
reduce in size with ageing. (Rogers and Evans 1993) Therefore, it is suggested that there is a 
decrease in muscle signal complexity due to this reduction in muscle fiber size.  It was also 
suggested that endurance and strength training can limit the extent of sarcopenia (the 
degenerative loss of skeletal muscle mass quality, and strength associated with ageing) in elderly 
people. (Merletti, et al. 2002) The physiological changes that occur in muscles as a result of 
ageing can be of paramount importance to not only physical therapists but also to physiologists 
and other health care providers.  
1.2 Problem statement  
Ankle plantar flexor muscles have an important role in human locomotion. In walking, they 
provide propulsion in late stance, control of body rotations and support for body mass (Franz and 
Kram 2013) (Lenhart, et al. 2014) (Honeine, et al. 2013) The most profound age-related physical 
limitation in walking is the loss of ankle joint power in late stance  (Hortobagyi and DeVita, 
Muscle pre- and co- activity during downward stepping are associated with leg stiffness in aging. 
2000) (Kulmala, et al. 2014). Similarly, computer generated simulations suggest that walking 
ability is most sensitive to impairments in muscle strength of the plantar flexors. (van der Krogt, 
Delp and Schwartz 2012) Adding to the importance of plantar flexors is the fact this muscle 
group has the largest physiological cross-sectional area of all lower limb muscle groups. (Ward, 
et al. 2009) It has been suggested that plantar flexors are utilized at their maximal capacity 
during walking in older adults. (Beijersbergen, et al. 2013) In addition, plantar flexors may be 
more susceptible to age-related loss of muscle strength than other muscle groups. (Christ, et al. 
1992)  
Muscle fascicle lengths in triceps surae muscle are relatively short compared to muscle length 
due to a pennate muscle fiber configuration. Muscle fascicle lengths have been reported to be on 
average 19%, 27% and 11% of the muscle belly length for medial and lateral gastrocnemius and 
soleus, respectively. (Ward, et al. 2009) Thus, the muscle architecture of triceps surae muscle 
favors large force generation capacity as opposed to large muscle excursion or fast shortening 
velocity.  (Lieber and Ward 2011) 
Understanding the mechanisms of age-related loss of muscle function is a key to understanding 
how to maintain physical function in older age. Yet, limited knowledge exists regarding the 
effects of age-related changes in muscle signal properties and the impact of force production 
owing to the age-related loss of muscle function, since only a limited number of studies have 
tried to address the functional relevance of these changes. Therefore, the current thesis aims to 
improve knowledge of these important issues. The studies concentrate on the main ankle plantar 
flexors and dorsiflexors, the triceps surae muscle group and the Tibialis Anterior muscles as 
shown in Figure 4, Figure 5 and Figure 6. These muscles have been studied because of their 
functionally important role in locomotion, maintaining balance and posture. 
1.3 Research Aim and Objectives 
The main aim of this research is to investigate age associated changes in muscle properties and 
force production using sEMG signals of lower leg muscles. The objectives of this research work 
are to study the influence of ageing on: 
• Fractal dimension (FD) of sEMG signals, which is a measure of the self-similarity 
property (level of complexity) of the muscles. 
• Co-activation index which measures the level of activation of agonistic and 
antagonistic muscles around ankle joint.  
• Force exerted on a footplate when the subject performs isometric ankle flexion and 
extension, the stability in the force signal, time taken to achieve the stability, and 
the variation in the force during the contraction at various submaximal levels. 
This thesis reports the differences in the properties of the sEMG signals of young and older 
subjects during isometric contractions. This research investigates the evaluation of the 
relationship between levels of muscle contraction, agonistic and antagonistic muscle co-
activation, and muscle signal complexity (measured as fractal dimension). This research has also 
identified the effects of age and gender in the ankle torque and steadiness during dorsiflexion and 
plantarflexion movements.  
1.4 Outline of the thesis 
The thesis on this research study is organized into seven chapters.  
An overview and background to the research work is presented in Chapter 1.. 
The generation of sEMG, factors that influence the sEMG and its applications in various fields 
are explained in Chapter 2.  
The overview of the related work and literature studies on the effects of ageing on various 
muscle signal properties is provided in Chapter 3. This chapter explains the motivations behind 
the research aims and objectives by identifying the gaps in earlier studies. 
Fractal analysis of sEMG in the context of ageing is described in Chapter 4. This chapter 
involves computation of fractal features and their relation to the properties and activation of 
muscle to characterize the variations in muscle signal complexity due to ageing. 
In Chapter 5, observations from studying the effect of age, gender and level of contraction on the 
co-activation of TA and the Gastrocnemii sEMG signals are discussed. Differences in co-
activation index, agonistic and antagonistic muscle activities in younger and older subjects of 
both genders are experimentally investigated. 
The results from the experimental analysis in evaluating the force production and steadiness 
around the ankle joint are reported in Chapter 6. Parameters such as ankle force normalized 
against the subject’s body mass, time for stabilization and coefficient of variation of the force 
and their differences in younger and older subjects are presented in this chapter. 
A discussion of the findings of this research and a review of results obtained - in the context of 
the literature and the existing knowledge about this field of study, are provided in Chapter 7.  
The conclusion of this work by providing a brief summary of the main ideas of each research 
objective is presented in Chapter 8 and the main contributions of this research work are enlisted.  
  
Chapter 2 
Surface Electromyogram (sEMG)  
2.1 Introduction   
Electromyography (EMG) is the measure of the electrical currents generated in muscles during 
contraction. The shape and firing rates of active motor units found in EMG signals provide 
important information about muscle and neuromuscular activity which is used to aid in the 
diagnosis of neuromuscular disorders or understanding the neuromuscular system of the healthy, 
pathological, ageing or fatiguing subjects. (Stashuk 2001) Extensive effort has been made to 
develop and improve algorithms and existing methodologies in signal processing, to improve 
detection and acquisition techniques for EMG and to develop pattern recognition technique. 
(Reaz, Hussain and Mohd-Yasin 2006) It is important to understand the composition of the EMG 
signal to obtain pertinent information from it. In this chapter, basic concepts of generation of 
sEMG signals and its application will be described. 
2.2 Generation of sEMG  
Electromyography (EMG) is a method of studying the electrical activity of the muscles. During a 
muscle contraction, the electrical potential of a muscle fiber changes from negative to positive 
and back to negative, these currents can be recorded with electrodes to provide EMG data. For a 
muscle to contract the central nervous system activates a motoneuron. Electrical impulse is 
carried down by the motoneuron and once it reaches a motor endplate, a specialized synapse 
between a motoneuron and a muscle fiber, it results in a muscle fiber action potential. At its 
resting state the inside of a muscle fiber has an electrical potential of -90 mV. Due to an end 
plate potential, the muscle fiber membrane becomes more permeable to Sodium ion and thus 
more Sodium ions flows inside the fiber reversing its polarity to positive, resulting in a 
membrane potential of about 30 mV. This change in polarity causes the membrane to then 
become more permeable to Potassium ion, which starts to flow out of the cell and repolarizes it 
back to its resting state. The muscle fiber action potential is generated at a small section close to 
the nerve-muscle synapse. The action potential then propagates along the muscle fiber and 
ensures that the whole fiber is activated resulting in the contraction of the muscle fiber. (Oksanen 
2016) 
EMG can be measured with a variety of different electrodes types, either noninvasively from the 
surface of the skin or invasively from inside the muscle itself. The number of the electrodes used 
can also vary from a monopolar setup to multi-electrode arrays. The choice of the electrode type 
and number of electrodes depends on the motor task and the data needed.  
Surface EMG can provide data on the activity level of an entire muscle. A monopolar setup, 
where a single electrode is placed over the muscle and another over a bony prominence or 
another electrically neutral site, is mostly suited for static movement tasks. By far the more 
common method is to do bipolar measurements where two electrodes are placed over the skin 
and a ground electrode on an electrically neutral site. Compared to monopolar measurements the 
bipolar setup is better suited for all movement types and not limited to just isometric 
contractions- during which the joint angle and muscle length remain unchanged during the 
contraction.  
Because bipolar electrodes measure the difference between the two electrodes it is therefore also 
less sensitive to outside signal interference that results from electronic devices and power lines 
etc. More invasive methods use fine wire and needle electrodes that are inserted in to the muscle. 
They can provide a more detailed picture of the muscle contraction by making it possible to 
record EMG from deeper and smaller muscles and even the activity of a single motor unit. 
(Oksanen 2016) However, they not only require precision to be employed but are also quite 
painful for the subjects as compared to the superficially adhesive surface EMG electrodes.   
The large number of factors and phenomena that contribute to such signals that provide a basis of 
knowledge for the signal analysis approaches that will be addressed in the subsequent chapters 
are summarized as follows. 
2.2.1 Physiology of human muscular system The basic functional unit for excitation and 
contraction in vertebrate skeletal muscle is the motor unit.  Anatomically, a motor unit is 
composed of both neural and muscular components. The neural component is an α-motoneuron 
in the spinal cord. The muscular component of the motor unit consists of all skeletal muscle 
fibers innervated by the motor axon (often several hundreds). The terminals of the motor axon 
are connected to a set of fibers by a chemical synapse. This synapse is called the neuromuscular 
junction. The α -motoneuron is the final point of summation for all the descending and reflex 
input. The net membrane current induced in this motoneuron by the various synaptic innervation 
sites determines the discharge (firing) pattern of the motor unit and thus the activity of the motor 
units. The arrangement of motor units in a skeletal muscle has been represented in Figure 1. The 
number of motor units per muscle in humans may range from about 100 for a small hand muscle 
to 1000 or more for large limb muscles. (Henneman and Mendell 1981) It has also been shown 
that different motor units vary greatly in force generating capacity, with a 100-fold or more 
difference in twitch force. (Garnett, et al. 1979) (Stephens and Usherwood 1977) 
 
Figure 1: The Arrangement of Motor Units in a Skeletal Muscle (Hill and Olson 2012.) 
The wide variation in the morphological and electrophysiological properties of the individual 
motor neurons comprising a motoneuron pool is matched by an equally wide range in the 
physiological properties of the muscle units they innervate. Numerous studies (Scott, Stevens 
and Binder–Macleod 2001) (Burke 1981) identified three types of motor units based on 
physiological properties such as speed of contraction and fatigability (sensitivity to fatigue):  
(1) slow-twitch (S or type I), which is most resistant to fatigue. 
(2) fast-twitch, fatigue-resistant (FR or type IIa) and 
(3) fast-twitch, fatigable (FF or type IIb) 
Type I fibers are used in lower-intensity exercises such as very light resistance work aimed at 
muscular endurance and long-duration aerobic activities. They are identified by slow contraction 
times and a high resistance to fatigue. Structurally, they have a small motor neuron and fiber 
diameter and a high mitochondrial and capillary density. These muscle fibers are predominantly 
used for aerobic activities requiring low-level force production, such as walking and maintaining 
posture, but are also the primary fiber type found in endurance athletes. (Talmadge, Roy and 
Edgerton 1993) 
Type II fast-twitch fibers, are recruited for very short-duration high-intensity bursts of power 
such as maximal and near-maximal lifts and short sprints. They contain relatively few 
mitochondria, relatively few blood capillaries and are larger in diameter. While type IIb fibers 
are easily fatigued, IIa fibers have a greater resistance to fatigue as they have more mitochondria 
and slightly increased capillaries. 
In comparison to type I fibers, type II fibers have more negative resting potential, larger peak 
excursion, faster rate of depolarization and repolarization and shorter action potential duration. 
Furthermore, type I and types IIa and IIb muscle fibers appear to be randomly distributed across 
the muscle cross section. Depending on the muscle function, the percentage of the two fiber 
types may be different. Antigravity muscles (e.g., soleus) tend to be predominantly type I, while 
muscles suitable for rapid movements have similar proportions of the two fiber types. 
2.2.2  Motor Unit Action Potential (MUAP)  
Physiologically, when an action potential occurs in a motor neuron, all muscle fibers in the unit 
are simultaneously excited and produce an action potential, resulting in a brief, twitch-like 
contraction of the fibers. Typically, electrical activity in a motor unit consists of a rhythmic 
series of action potentials. (Farina, Merletti and Enoka 2004) When an action potential occurs 
simultaneously in all muscle fibers in one motor unit, the resulting external electrical effect is 
small, spike-like potential (otherwise termed as a motor unit spike) which can be detected with 
electrodes placed on the surface of the muscle. A surface electrical recording of the spiking 
activity derived from one or more motor units is called an electromyogram, or EMG. This is 
diagrammatically illustrated in Figure 2. (J. Basmajian 1962) 
 
Figure 2: Motor Unit Action Potentials are recorded as EMG signals. (C. De Luca 2008) 
2.3 SEMG signal Acquisition 
Surface EMG refers to superficially and non-invasively collected EMG signals from the skin 
surface due to the MUAP generated in the muscle fiber. Owing to the size of recording 
electrodes, sEMG contains the summation of electrical activities from all of the active motor 
units in the location near the electrodes. The shape and the amplitude of the surface action 
potential are also affected by the properties of the body tissue between the muscle fibers and the 
recording electrodes. The body tissue behaves as an imperfect insulator with low pass filter 
characteristic that tends to attenuate the higher frequency components of the signal. The 
recording system of sEMG consists of three basic block sets with electrodes, amplifier and filter. 
The surface electrodes are transducers that sense the current on the skin through its skin-
electrode interface. (Basmajian and De Luca 1985) 
The electrodes used in this study are designed by DELSYS Inc. as seen in Figure 3. This electrode 
configuration has some practical advantages: 
 It can be constructed so that it is sufficiently small and light-weight as to not be obtrusive 
to the subject. 
 The spacing of 1 cm between the detection surfaces is sufficiently large so as not to 
provide a prohibitive electrical shorting path when the skin sweats. 
 
Figure 3: Surface Electrode from DELSYS Inc. used for recording sEMG (C. De Luca 2006) 
The magnitude of the recorded potentials is very small and has to be amplified with an amplifier 
that has high input impedance. An instrumentation amplifier with high input impedance and high 
common-mode rejection ratio (CMRR) is commonly used as the first stage in the recording 
instrumentation of sEMG. The instrumentation amplifier amplifies the differential signal while 
attenuating the signal components that are common to both electrodes.  
This reduces external noise that is common to both electrodes, such as power line interference. 
After the amplification, the signal is then filtered for the removal of unwanted frequency 
components of the signal. A band-pass filter at frequency of 20 to 500 Hz is commonly used in 
the sEMG recording instrument since most of the energy of sEMG signals resides in this 
frequency range. (Cram, Kasman and Holtz 1998) Besides the band-pass filter, a notch filter at 
50 Hz is commonly applied to remove the power line interference at that frequency. In some 
cases, more filters are needed to eliminate other artefacts such as movement artefact and ECG 
signal. 
2.3.1 Factors that influence sEMG   
EMG signal is the result of many physiological, anatomical and technical factors. The effect of 
some of these factors may be managed by proper detection methods, but others are not easily 
regulated with current technology and their potential effect on the signal may only be surmised 
and considered. To use the signal effectively, it is first necessary to understand as much as 
possible the major sources of, and their key influences on, the signal.  
1. Positioning and configuration of sEMG electrodes. 
While the area and shape of the electrode detection surfaces determine the number 
of active motor units that are detected by virtue of the number of muscle fibers in 
their vicinity, the distance between the electrode detection surfaces determines the 
bandwidth of the differential electrode configuration. (Jensen, Vasseljen and 
Westgaard 1993) (Roy, De Luca and Schneider 1986.) The orientation of the 
detection surfaces with respect to the muscle fibers which affects the value of the 
measured conduction velocity of the action potentials and, consequently, the 
amplitude and frequency content of the signal. (D. Farina, et al. 2001) The 
amplitude and frequency spectrum of the EMG signal is affected by the location 
of the electrode with respect to the innervation zone, the myotendonous junction 
and the lateral edge of the muscle. (Li and Sakamoto 1996.) The myotendinous 
junction (MTJ) is the site of connection between tendon and muscle. In this 
region, the force generated by muscle contraction is transmitted from intracellular 
contractile muscle proteins to the extracellular connective tissue proteins of the 
tendon. Therefore, the preferred location is in the midline of the belly of the 
muscle between the nearest innervation zone and the myotendonous junction. In 
this location, the EMG signal with the greatest amplitude is detected.  
2. Physiological and anatomical characteristics of the muscle. 
The number of active motor units at any particular time of the contraction 
contributes to the amplitude of the detected signal and the fiber diameter 
influences the amplitude and conduction velocity of the action potentials that 
constitute the signal. (Merletti, Rainoldi and Farina 2001) The fiber type 
composition of the muscle determines the fatigability of the muscle during a 
contraction. Furthermore, the depth and location of the active fibers within the 
muscle with respect to the electrode detection surfaces (owing to the amount of 
tissue between the surface of the muscle and the electrode) determines the spatial 
filtering, and consequently the amplitude and frequency characteristics, of the 
detected signal. (Kupa, et al. 1995) 
3. Motor Unit Firing Rate. 
During voluntary contractions, force is modulated by a combination of motor unit 
recruitment and changes in motor unit activation frequency. (Kukulka and 
Clamann 1981) (Milner-Brown, Stein and Yemm 1973) (Moritani and Muro 
1987) Motor unit recruitment is based on the “size principle” such that motor 
units are always recruited in order of increasing size of the a-motoneuron. 
According to this widely accepted principle, during a muscle contraction, there is 
a specific sequence of recruitment in order of increasing motoneuron and motor 
unit size. (De Luca, et al. 1982) (Freund, Budingen and Dietz 1975) When low-
threshold motor units are recruited, this results in a muscular contraction 
characterized by low force generating capabilities and high fatigue resistance. 
With requirements for greater force and/or faster contraction, high-threshold 
fatigable motor units are recruited. (Freund, Budingen and Dietz 1975) 
(Henneman and Mendell 1981) For a muscle group composed of both types I and 
II fibers, motor unit recruitment seems to be the major mechanism for generating 
extra force above 40% to 50% of maximal voluntary contraction (MVC). Thus, in 
the intrinsic muscles of human hands, motor unit recruitment appears to be 
essentially complete at about 50% of maximal force, but recruitment in the biceps, 
brachialis, and deltoid muscles may continue until more than 80% of maximal 
force is attained. (Kukulka and Clamann 1981) (T. Moritani, et al. 1986) 
2.3.2 SEMG - Force relationship 
The number of motor units recruited and their mean discharge frequency of excitation determine 
the electrical activity in a muscle, that is, there are the same factors that determine muscle force. 
(Bigland-Ritchie 1981) (Moritani and Muro 1987) Thus a direct relationship between sEMG and 
exerted force is expected. However, as the force output of a muscle increases beyond the level of 
a newly recruited motor unit, the firing rate of the recruited motor unit will increase, but the 
force contribution of the motor unit will saturate. Each MUAP will continue to provide energy to 
the EMG signal, while the force contribution saturates to a near constant value. This non-linear 
relationship causes the amplitude of the EMG signal to increase more than the force output. 
Consequently, the control strategy, described in terms of the mixture of firing rate dynamics and 
recruitment range used by the central nervous system to control different muscles, can also affect 
the EMG-force relationship. Larger muscles like those in the lower legs, recruit their motor units 
through a wider range of force levels and their firing rates exhibit less dynamic ranges. 
Therefore, in order to quantitatively compare a proportional relationship between the EMG 
signal and force experimental protocols need to be designed to perform well-regulated isometric 
contractions in which the joint being tested is constrained to limit the torque contributions of 
muscles other than those of interest. 
2.4 Anatomy and Physiology of lower limb muscles   
Muscular system of the legs and feet are responsible for supporting, balancing, and propelling 
the body. From the large, strong muscles of the buttocks and legs to the tiny, fine muscles of the 
feet and toes, these muscles can exert tremendous power while constantly making small 
adjustments for balance – whether the body is at rest or in motion. This study is centered around 
calf muscles which are important for locomotion and balance, and their weakness is associated 
with risk of falls. Therefore, this muscle group was selected since it has been suggested that 
dorsi- and plantar flexors are altered differently with age, due to either their function and/or 
neuromuscular composition. (Simoneau, Martin and Van Hoecke, Muscular performances at the 
ankle joint in young and elderly men. 2005) (Simoneau, Billot, et al. 2009) 
The powerful muscles of lower limbs along with the muscles of the hip, buttock, and pelvis 
provide powerful contractions to propel the body while making fine adjustments to maintain the 
body’s posture and balance. Located inferior to the knee are several muscles that move the ankle, 
foot, and toes. The calf muscles, including the gastrocnemii and soleus, join to form the strong 
calcaneal (Achilles) tendon of the heel and attach to the calcaneus bone in the heel. These 
muscles contract to plantar flex the foot – such as when standing on your tiptoes – and flex the 
toes. Shin muscles, such as the tibialis anterior and extensor digitorum longus, dorsiflex the foot 
and extend the toes. The muscles of the calf also work subtly to stabilize the ankle joint and foot 
and to maintain the body’s balance. 
Lower leg muscles can be categorized into three main compartments: 
 Anterior compartment 
there are four muscles in the anterior compartment of the leg; tibialis anterior, extensor 
digitorum longus, extensor hallucis longus and fibularis tertius. Collectively, they act 
to dorsiflex and invert the foot at the ankle joint.  The extensor digitorum longus and 
extensor hallucis longus also extend the toes. The muscles in this compartment 
are innervated by the deep fibular nerve, and blood is supplied via the anterior tibial 
artery. 
 Lateral compartment 
There are two muscles in the lateral compartment of the leg; the fibularis 
longus and brevis (also known as peroneal longus and brevis). The common function of 
the muscles is eversion – turning the sole of the foot outwards. They are both innervated 
by the superficial fibular nerve. 
 Posterior compartment 
The posterior compartment of the leg contains seven muscles, organized into two layers –
superficial and deep. The two layers are separated by a band of fascia. The posterior leg 
is the largest of the three compartments. Functionally predominant muscles in this 
compartment are the lateral and medial gastrocnemii and the Soleus. Collectively, the 
muscles in this area plantar flex and invert the foot. They are innervated by the tibial 
nerve, a terminal branch of the sciatic nerve. 
The muscles around ankle joint are responsible for two main functions - plantar flexion and 
dorsiflexion. In this study, the neural and muscular factors contributing to age and gender 
associated changes in plantar- and dorsi-flexors muscles, specifically the gastrocnemii, tibialis 
anterior and the soleus are investigated. These muscles were chosen because the age-related 
changes in the neuromuscular system are more prominent in lower extremities than upper 
(Macaluso and De Vito 2004) and distal rather than proximal muscles. (Kallio 2013)  Moreover, 
the plantar- and dorsi-flexors are important for locomotion and balance, with weak dorsi-flexors 
associated with risk of falls. (Kemoun, et al. 2002) (Moreland, et al. 2004) (Fukagawa, Wolfson, 
et al. 1995.) 
Many muscles assist with plantar flexion, a movement akin to pointing the toes. Antagonist 
muscles lengthen as the agonists shorten during flexion. The major antagonist is the tibialis 
anterior. The lateral and medial gastrocnemii work to neutralize the force during plantar flexion 
of the ankle. In dorsiflexion or pulling the toes up, the roles of prime mover and antagonist are 
reversed. The prime mover in dorsiflexion is the tibialis anterior and the antagonists include the 
soleus and gastrocnemii muscles.  
2.4.1 Tibialis Anterior (TA)   
The tibialis anterior (TA) muscle is a long, narrow muscle in the anterior compartment of the 
lower leg as seen in Figure 4. (StudyBlue 2015) Arising from origins along the lateral condyle 
and proximal body of the tibia, it runs down the shin just lateral to the tibia. This muscle 
functions as a dorsiflexor of the foot by pulling the top, or dorsum, of the foot towards the shin. 
Dorsiflexion results in the lifting of the toes off the ground, which is an important motion during 
walking and running to prevent tripping over one’s toes. It also provides a slight inversion of the 
foot by pulling the plantar surface of the foot toward the body’s midline. This motion is 
important in balancing the body’s weight on the foot during locomotion or standing, and is 
especially important when standing on one foot. 
 
Figure 4: Tibialis Anterior muscle origin, insertion and action 
 
 
2.4.2 Lateral Gastrocnemius (LG)   
The gastrocnemius muscle is the most superficial and prominent of the calf muscles. It is made 
of two muscular regions, the medial head and lateral head, which attach to the medial and lateral 
sides of the femur. The heads of the gastrocnemius muscle work together to plantar flex the foot 
at the ankle and to flex the leg at the knee. 
The lateral head of the gastrocnemius muscle (LG), together with the medial head, makes up the 
gastrocnemius muscle that forms part of the calf as seen in Figure 5. It comes from two 
immovable ends (or heads) located on the femur, one on the side (lateral) and one toward the 
center (medial). The far end of this muscle joins the strong Achilles tendon, which descends to 
the heel and attaches to the calcaneus. The gastrocnemius is a powerful plantar flexor of the foot, 
that aids in pushing the body forward when a person walks or runs. It also works to flex the leg 
at the knee. 
 
Figure 5: Gastrocnemius muscle origin, insertion and action 
 
2.4.3 Medial Gastrocnemius (MG)  
The medial head of the gastrocnemius (MG) is a large, muscular belly located on the medial side 
of the calf next to the almost identical LG as seen in Figure 5. This muscle arises from the medial 
condyle of the femur just distal and medial to the popliteal fossa. At about the middle of the calf, 
both heads merge together to form the calcaneal tendon, which is more commonly known as the 
Achilles tendon. The calcaneal tendon continues distally toward the ankle, where the soleus and 
plantaris muscles join the tendon. It is a superficial muscle, making it easy to palpate through the 
skin of the calf while pointing one’s toes.  
The gastrocnemius muscle crosses both the knee joint and the ankle joint, giving it a distinct 
function at each joint. At the ankle joint, the gastrocnemius pulls on the Achilles tendon to 
plantarflex the ankle. Plantarflexion is a specific movement at the ankle, which moves the sole of 
the foot posteriorly and points the toe. The three hamstring muscles also work with the 
gastrocnemius to perform knee flexion. 
2.4.4 Soleus (Sol) 
The soleus muscle is a thick, flat muscle located beneath the gastrocnemius as seen in Figure 6. 
(StudyBlue 2015) These two muscles make up the calf of the leg. Sol rises from the tibia and 
fibula, and it extends to the heel by way of the Achilles tendon. It acts with the gastrocnemius to 
cause plantar flexion of the foot. 
 Figure 6: Soleus Muscle origin, insertion and action 
2.5 Summary   
SEMG signal comprises the sum of the electrical contributions made by the active motor units as 
detected by electrodes placed on the skin overlying the muscle. The information extracted from 
the sEMG is often considered a global measure of motor unit activity, because of the inability of 
the traditional (2 electrode) recording configuration to detect activity at the level of single motor 
units. The global characteristics of the sEMG, such as its amplitude and power spectrum, depend 
on the membrane properties of the muscle fibers as well as on the timing of the motor unit action 
potentials. Thus, the sEMG reflects both peripheral and central properties of the neuromuscular 
system. Most researchers in the field of bioengineering have concentrated on the use of sEMG 
signals for control of prosthesis, rehabilitation and computer interfaces for users with motor 
disabilities. Surface EMG is also used as a diagnostics tool for identifying neuromuscular 
diseases, assessing low back pain, kinesiology and disorders of motor control.  
The focus of this study is to investigate the effect of age and gender on Tibialis Anterior and 
triceps surae muscle group.  This chapter provided an overview of the neuromuscular system that 
gives rise to the surface electromyogram. A description of the motor unit action potential was 
given which is the main component of the sEMG. The physiological processes that lead to a 
muscular contraction were also described. 
The following chapter will address the motivations for this research, and provides a review 
of the studies in muscle property alterations due to ageing.  
 
  
Chapter 3 
Literature Review 
3.1 Introduction  
This chapter presents a clear understanding of the background to age-related neuromuscular 
alterations, such as reduction in muscle signal complexity, weakness and unsteadiness, and the 
use of EMG parameters in their identification by reviewing the various researches that have been 
conducted in this regards. Neuromuscular adaptations due to ageing influence the ability of the 
elderly to maintain the capacity to perform daily activities and to modulate their postural control. 
Therefore, the motivation for understanding the relative changes of neuromuscular properties as 
obtained from sEMG due to ageing is established. It proceeds to direct the focus of the research 
question specifically to the research questions discussed in Chapter 1, and further discovers the 
need to assess ageing in muscles. The motivation to determine the relationship between surface 
electromyogram and force steadiness is discussed, and an overall review of current state-of-the-
art in these fields is provided. 
3.2 Ageing  
In a broad context, ageing has been defined as the collection of changes that render human 
beings progressively more likely to die. (Medawar 1955) Generally, one hallmark of ageing in 
humans and in many other species is an age-related increase in mortality rates shortly after 
maturity. Ageing can also be defined as a progressive functional decline, or a gradual 
deterioration of physiological function with age, including the intrinsic, inevitable, and 
irreversible age-related process of loss of viability and increase in vulnerability. Evidently, 
human ageing is associated with a wide range of physiological changes that not only make 
people more susceptible to death but limit their normal functions and render them more 
susceptible to a number of diseases. The rate and progression of cellular ageing can vary greatly 
from person to person. But generally, over time, ageing affects the cells of every major organ of 
the body.  
Skeletal muscle structure and function deteriorate with age. Muscle mass decreases, reflected in 
both the reduced cross‐ sectional area of individual muscle fibers and of the total number of 
fibers. (Lexell and Taylor 1991) This is associated with reduced strength and physical 
performance, culminating in the frailty syndrome and falls that lead, in extreme cases, to 
immobility and loss of autonomy. (Landi, et al. 2012) (Cruz-Jentoft, et al. 2010) Sarcopenia is 
defined as a measurable level of muscle wasting based on lean mass, grip strength and gait 
speed. (Cruz-Jentoft, et al. 2010) Although sarcopenia eventually affects everyone, the time point 
at which it begins shows substantial inter‐ individual variability – some experience only modest 
changes in old age, while others become severely disabled as early as in their sixth decade of 
life. 
The causes of sarcopenia are still debated but it has become apparent that involvement of both 
the muscle itself and the innervating nerve play a role. Voluntary movement is a highly 
specialized and a synchronized function of the body that requires efficient communication 
between the nervous and muscular systems. A decision to move triggers excitation of the upper 
motor neurons residing in the motor cortex of the brain. These cells transmit an action potential 
to the lower motor neurons within the posterior area of the spinal cord. The electrical impulse 
then spreads from the cell body of a motor neuron through its axon to the neuromuscular 
junction, a specialized synapse between the neuron and the muscle. There, the incoming neuronal 
action potential is transmitted by the neurotransmitter acetylcholine to the sarcolemma where it 
triggers depolarization of the muscle fiber and initiates muscle contraction. 
Because the maintenance of muscle mass requires normal innervation and regular activation, 
malfunction of any of these elements can lead to the muscle deterioration. The exact causes 
underlying the age‐ related changes in the neuromuscular system are still unknown.  
Furthermore, the maintenance of balance during daily activities may represent a challenge for 
older adults. (Bugnariu and Fung 2007) Ageing is also associated with a decrease in the ability to 
control the body’s position, requiring input from the afferent receptor systems to generate an 
appropriate motor response in dynamic and static activities. (Granacher, Muehlbauer and Gruber 
2012) Due to age-related decline in the integrity of many postural regulating systems, 
rehabilitation is needed to promote the re-acquisition of motor skills. (Cardozo, et al. 2013) A 
thorough inspection of the most important physiological changes that occur with age and the 
pathological consequences of these changes is useful to limit the potential repercussions due to 
growing old. 
3.2.1 Ageing and muscle 
Age-related muscle strength loss causes a reduction in maximal voluntary joint torque and power 
production, resulting in clinical implications for older adults, particularly when this strength loss 
involves weakness in the lower limbs (LaRoche, et al. 2010) (Clark, Manini, et al. 2013). Recent 
studies have demonstrated that the decline of muscle mass only explains 6-10% of strength 
impairments and that muscle mass gains in older adults do not prevent this age-related weakness. 
(Clark, Fernhall and Ploutz-Snyder 2006) (Delmonico, et al. 2009) Explanations of these 
phenomena have proposed that age-related loss of muscle strength is associated with impaired 
intrinsic force generation capacity and abnormalities in muscle fiber contractile and metabolic 
properties, excitation-contraction coupling and patterns of muscle activation. (Clark, Patten, et al. 
2010) (Cardozo, et al. 2013) This has been diagrammatically illustrated for vastus lateralis 
muscle in Figure 7. (Staunton, et al. 2012)
 
Figure 7:  Diagrammatic overview of molecular and cellular changes during skeletal muscle ageing. The flowchart summarizes 
major age-related changes in contractile patterns and muscle metabolism of young adult vs. middle-aged vs. aged human 
vastus lateralis muscle (Staunton, et al. 2012) 
 At its root, ageing muscle atrophy results from atrophy of type II muscle fibers (Merritt, et al. 
2013) and loss of both type I and type II muscle fibers as per the early studies of ageing human 
limb muscles (Evans and Lexell 1995). Decreased muscle fiber number is presumed to result 
from alpha motor neuron death or peripheral denervation at the neuromuscular junction. Whether 
central or peripheral denervation in origin (or both), one indicator of this neurodegenerative 
process is an increase in fiber type grouping often noted in ageing human muscle (Evans and 
Lexell 1995) as some denervated fibers survive via reinnervation by a sprouting axon of a 
different motor unit type (e.g., type I neuron innervating denervated type II fibers).  
In major muscles, such as upper limbs, lower limbs, thighs, age group differences are typically 
noted when young adults (e.g., second to third decade) are compared to older adults in the sixth 
or seventh decade and beyond. The rate of whole-muscle atrophy appears to be similar in women 
and men, although the amount attributable to type II fiber atrophy versus fiber loss may differ by 
gender, as type II atrophy among older women appears to exceed that of age-matched men, 
particularly among the type II fiber population. (Kosek, et al. 2006) (Cardozo, et al. 2013) Loss 
of skeletal muscle mass and strength with ageing is also influenced by gender and hormonal 
status. While women may experience earlier strength losses than men, the age-related decreases 
in strength are similar between genders when controlling for muscle mass. Moreover, this 
strength decline is more rapid than the associated loss of muscle mass, suggesting a decline in 
muscle quality. (Goodpaster, Park, et al. 2006) 
Loss of strength appears to be greater in lower than upper limbs (Landers, et al. 2001), and a 
decline in muscle power far exceeds that of strength (Petrella, et al. 2005) and appears to occur 
sooner (Clark, Patten, et al. 2010). Specific strength (force per unit muscle) clearly decreases 
with advancing age (Goodpaster, Park, et al. 2006) (Petrella, et al. 2005), indicating that in 
addition to muscle atrophy, the decline in strength is influenced by factors that reduce muscle 
quality, such as muscle fat content. (Goodpaster, He, et al. 2001) Furthermore, the remarkable 
loss of muscle power, even after adjusting for muscle mass (Petrella, et al. 2005), suggests age-
related changes in excitation-contraction coupling and/or other subcellular mechanisms 
responsible for rapid force generation. 
3.2.2 EMG 
The action potentials propagating down the muscle fibers give rise to an electrical signal, which 
can be detected by electrodes placed on the skin surface over the muscle. The resulting signal, 
called by myoelectric signal or electromyography (EMG) signal represents the gross electrical 
activity of the active motor units. Assessment of muscle activation by EMG provides important 
information about age-related neuromuscular adjustments (Schmitz, et al. 2009). EMG 
contributes to the identification of factors that generate impairments to the performance of daily 
activities and an increase in the risk of falls for older adults. Additionally, identifying age-related 
abnormal muscle activation may be helpful in preventing mobility impairments. 
3.2.3 SEMG Muscle signal complexity 
Normal physiological function requires the integration of complex networks of control systems, 
feedback loops, and other regulatory mechanisms to enable an organism to perform a variety of 
activities necessary for survival. The control systems of the human body exist at molecular, 
subcellular, cellular, organ, and systemic levels of organization, and operate over multiple time 
scales. Continuous interplay among the electrical, chemical, and mechanical components of these 
systems ensures that information is constantly exchanged, even as the organism rests. An age-
related loss of physiological complexity is believed to stem from gradual deterioration of 
underlying structural components of physiological systems, as well as alterations within the 
nonlinear coupling between these systems (L. Lipsitz 2002) (L. Lipsitz, Physiological 
complexity, aging, and the path to frailty. 2004). Numerous studies have demonstrated that 
biological ageing and numerous age-related diseases and syndromes are characterized by a loss 
of physiological complexity in the dynamics of the cardiovascular (Beckers, Verheyden and 
Aubert 2006) (Costa, Ghiran, et al. 2008) (Pikkujämsä, et al. 1999), respiratory (Peng, Mietus, et 
al. 2002), central nervous (Yang, et al. 2013) and motor control (Costa, Priplata, et al. 2007) 
(Manor and Lipsitz 2013) (Thurner, Mittermaier and Ehrenberger 2002) systems, among others. 
Importantly, this loss of information content is often independent of age- and/or disease-related 
changes in signal variability. (Manor, et al. 2010) There are numerous metrics available that each 
quantify different aspects of the complex, nonlinear properties of physiological time series, 
including entropy (Manor and Lipsitz 2013) and multiscale entropy analyses (Costa, Goldberger 
and Peng 2002), detrended fluctuation analysis (Peng, Havlin, et al. 1995), and fractal dimension 
(Higuchi 1988), among others.  This study uses Fractal Dimension (FD) as an index to quantify 
the geometrical complexity of sEMG signal. SEMG is a result of the summation of identical 
motor units that travel through tissues and undergo spectral and magnitude compression. Burst 
within burst behavior of sEMG in time has the property that patterns observed at one sampling 
rate are statistically similar to patterns observed at lower sampling rates. These nested patterns 
suggest that sEMG has self-similarity. (Anmuth, Goldberg and Mayer 1994) 
Sridhar et al showed that there was an age-associated reduction in FD for all levels of MVC as 
measured from the biceps brachii muscles.  Other researchers have also observed this trend by 
studying the age-associated reduction in FD of the skin, (Lipsitz and Goldberger, Loss of 
'complexity' and aging: potential applications of fractals and chaos theory to senescence. 1992) 
(Brown and Hasser 1996) (Wong, et al. 2009) retinal vessels, (Azemin, et al. 2012) and neurons. 
(Doherty, Vandervoort and & Brown 1993)One of the explanations linked to reduction in FD is 
the reduction in complexity and increase in self-similarity. (Galganski, Fuglevand and Enoka 
1993) Thus, the reduction in FD could indicate a decrease in the number of motor units and a 
corresponding increase in motor unit density. Studies have also shown an increase in motor unit 
synchronization during fatiguing contraction with intensity from 25% to 100% of MVC, 
(Holtermann, et al. 2009) (Talebinejad, Chan and Miri 2010) (Kumar, Arjunan and Naik 2011) 
(Arjunan, Kumar and Naik, Computation and evaluation of features of surface electromyogram 
to identify the force of muscle contraction and muscle fatigue. 2014) (Beretta-Piccoli, et al. 
2015) implying a decrease in FD. It is speculated that the difference in motor unit 
synchronization between young and elderly subjects occurs only in fatiguing contraction at an 
intensity as high as 70% of MVC but not at a lower intensity, (Boccia, et al. 2015) as occurred in 
previous studies. Therefore, establishing the age associated changes in the complexity of lower 
leg muscles may be helpful in understanding physiological alterations in the neuromuscular 
system occurring in the older cohort.  
3.2.4 Co-activation 
Ageing is characterized by changes in the neuromuscular system that decrease muscle strength, 
balance, proprioception and reaction time (Bassey, 1997). Ageing may be accompanied by 
adjustments in muscle activation such as a decrease in voluntary activation and alterations in the 
rate of agonist/antagonist co-activation (Häkkinen et al., 1998). This progressive decline in 
physical capacities reduces the ability of older adults to perform complex motor tasks and is 
associated with impaired mobility and a reduction in the ability to live independently (Meuleman 
et al., 2000). Peterson and Martin (2010) determined that antagonist co-activation of the thigh 
(vastus medialis, biceps femoris and semitendinosus) had a higher contribution to the increase in 
cost of walking than the contribution from the shank (tibialis anterior, lateral soleus and medial 
gastrocnemius). This suggests that age-related neuromuscular adaptations in the lower limbs 
decrease the joint instability and that a higher antagonist co-activation is required to maintain 
dynamic stability during a normal gait, which thereby increases the cost of walking. 
Older people have different strategies to maintain posture in balance situations: the ankle 
strategy responds to slow disturbances; the hip strategy is used on larger and faster displacements 
of the center of pressure; and the step strategy is used when the others are not able to return the 
center of pressure to the support base, using quick jumps or steps. (Vanicek, et al. 2009) Another 
strategy used by older adults is an increase in antagonistic muscle activation during balance 
recovery. (Mixco, et al. 2012) This co-activation can be a necessary change to compensate for 
the decline in postural control associated with ageing. (Nagai, et al. 2011)    
Compared with young individuals, elderly individuals exhibit deteriorations in movement 
performance, such as decreased mechanical output (Klass, Baudry and J., Voluntary activation 
during maximal contraction with advancing age: a brief review. 2007), slower movement speed, 
(Hortobágyi and Devita, Mechanisms Responsible for the Age-Associated Increase in 
Coactivation of Antagonist Muscles 2006) and increased movement error. (Hortobágyi and 
Devita, Mechanisms Responsible for the Age-Associated Increase in Coactivation of Antagonist 
Muscles 2006) Such deteriorations in sensorimotor function were suggested to partly result from 
complex modifications in the neuromuscular system in response to neurodegeneration process. 
(Hortobágyi and Devita, Mechanisms Responsible for the Age-Associated Increase in 
Coactivation of Antagonist Muscles 2006) Since the agonist and antagonist muscles are the 
primarily contributing muscles in the control of joints, the coordination of agonist and antagonist 
muscles during human movements has been widely studied for a better understanding of the 
degenerative sensorimotor function along ageing process. It is suggested that a decline in the 
joint torque during isometric maximal voluntary contraction (MVC) could be attributed to the 
decreased agonist activation with ageing. (Billot, Duclay, et al. 2014) It has also been 
demonstrated that the reduced rate of motor learning with ageing might be associated with 
different levels of antagonist activation between young and elderly adults (Chen, et al. 2014).  
Co-activation is the simultaneous contraction of agonist and antagonist muscles. Increased 
antagonist co-activation with ageing that was found during human movements, such as isometric 
MVC (Klass, Baudry and J., Voluntary activation during maximal contraction with advancing 
age: a brief review. 2007), walking, (Peterson and Martin 2010) and balanced standing, was 
suggested to be related to declined maximal force capacity (Klass, Baudry and J., Voluntary 
activation during maximal contraction with advancing age: a brief review. 2007), increased 
metabolic cost, (Peterson and Martin 2010) and greater movement variability (Sun, et al. 2016). 
Although ageing-related changes in the co-activation of agonist and antagonist muscles has been 
found in previous works (Klass, Baudry and J., Voluntary activation during maximal contraction 
with advancing age: a brief review. 2007) (Hortobágyi and Devita, Mechanisms Responsible for 
the Age-Associated Increase in Coactivation of Antagonist Muscles 2006) (Billot, Duclay, et al. 
2014) (Chen, et al. 2014), challenges still remain in comparing the changes in agonistic – 
antagonistic behavior around the ankle joint which can explain these altered coordination 
patterns (Klass, Baudry and J., Voluntary activation during maximal contraction with advancing 
age: a brief review. 2007) (Hortobágyi and Devita, Mechanisms Responsible for the Age-
Associated Increase in Coactivation of Antagonist Muscles 2006). There was a significantly 
reduced agonist activation and increased antagonist activation observed during elbow flexion and 
extension in elderly subjects, indicating increased antagonist co-activation with ageing. (Gordon 
2012) (De Luca and Mambrito 1987)  
The coordination of agonist and antagonist muscle is modulated at spinal level by the central 
nervous system, via regulating the excitation of motoneuron pools through the common drive 
(De Luca and Mambrito 1987), or activating Ia inhibitory interneurons through the synaptic 
reciprocal inhibition. (Nielsen and Kagamihara 1993) However, conflicting findings were 
exhibited during elbow flexion In the study of torque–angular velocity relationships in elbow 
flexion, the antagonist co-activation was found to be similar between the young and elderly 
adults during isometric, concentric, and eccentric contractions. (Pousson, Lepers and Van 
Hoecke 2001) In the lower leg muscles, there was also an absence of significant difference 
between two age groups in the activity of antagonist triceps. (Valour, et al. 2003) As discussed 
by Klass et al. (Klass, Baudry and J., Voluntary activation during maximal contraction with 
advancing age: a brief review. 2007), these conflicting findings might result from the differences 
in the motor task that is performed, characteristics of the study population, and the methods 
adopted to assess muscle activity. The biceps have to work against gravity during daily 
movement, while the triceps did not, which could lead to a reduction in antagonist co-activation 
in favor of a better control of biceps than triceps. (Bazzucchi, Riccio and Felici, Tennis players 
show a lower coactivation of the elbow antagonist muscles during isokinetic exercises. 2008) It 
is also established that strength training would improve the control of muscle activation and lead 
to a reduction in the antagonist co-activation. (Amarantini and Bru 2015) In the study of 
inhibitory reflexes, it showed that the reciprocal inhibition between soleus muscle and tibialis 
anterior muscle decreased with ageing. (Kido, Tanaka and Stein 2004) A previous study also 
suggested that there might be additional cortical-spinal pathways connected to the antagonist, 
which could be recruited for compensation in elderly subjects in response to the degeneration 
process. (Hortobágyi and Devita, Mechanisms Responsible for the Age-Associated Increase in 
Coactivation of Antagonist Muscles 2006) 
As far as the lower leg musculature is concerned, it has been shown that during postural tasks 
and tasks that involve stepping, the level of co-activation at the ankle joint is significantly 
increased in older people  (Benjuya, Melzer and J. 2004) (Hortobagyi and DeVita, Muscle pre- 
and co- activity during downward stepping are associated with leg stiffness in aging. 2000) 
(Melzer, Benjuya and Kaplanski 2001). This association is further enhanced when older people 
have restricted visual feedback, narrow base of support, or are required to undertake dual 
cognitive tasks while maintaining posture. (Benjuya, Melzer and J. 2004) (Melzer, Benjuya and 
Kaplanski 2001) It has previously been speculated that older people adopt this co-activation 
strategy in an effort to stiffen the ankle joint which helps to reduce excessive movements thus 
decreasing postural sway. (Crowley-McHattan 2013) Due to this adopted strategy it may be 
hypothesized that the relative muscle activity ratios of these agonist/antagonist muscles may play 
a role in the degree of co-activation during isometric contractions. 
3.2.5 Force steadiness 
When a muscle contracts, the force that is produced tends to fluctuate around an average value. 
(Christou and Carlton 2001), (Enoka, et al. 2003), (Galganski, Fuglevand and Enoka 1993), 
(Krishnan, Allen and Williams 2011), (Tracy and Enoka 2002). However, the variability in force 
fluctuations is often greater in older adults compared to young adults. (Doherty, Vandervoort and 
& Brown 1993)  (Galganski, Fuglevand and Enoka 1993) In order to detect changes in decreased 
motor performance over the lifespan, the ability of an individual to maintain a constant or steady 
force, often referred to as muscle force steadiness, relative to a target force during a submaximal 
muscle contraction can be measured. (Enoka, et al. 2003) (Tracy and Enoka 2002) (Marmon, 
Gould and Enoka 2011) In general, older adults tend to demonstrate greater variability in force 
steadiness when performing submaximal muscle contractions compared to young adults. 
(Christou and Enoka 2011) (Hortobágyi, Tunnel, et al. 2001) (Laidlaw, Kornatz, et al. 1999) 
(Vaillancourt, Larsson and Newell 2003)  
However, the reported results have varied depending on the type of muscle contraction and the 
muscle group tested. (Enoka, et al. 2003) Older adults demonstrate greater variability in force 
steadiness when performing submaximal isometric muscle contractions compared to younger 
adults with the first dorsal interosseus muscle of the hand, elbow flexors and knee extensors. 
(Burnett, Laidlaw and Enoka 2000) (Galganski, Fuglevand and Enoka 1993)  (Hortobágyi, 
Tunnel, et al. 2001) (Keen, Yue and Enoka 1994) (Laidlaw, Bilodeau and Enoka, Steadiness is 
reduced and Motor Unit discharge is more variable in old adults. 2000) (Sørensen, et al. 2011) 
(Tracy and Enoka 2002) Further, the variability in force steadiness exhibited by older adults is 
dependent on the type of contraction under study - eccentric concentric or isometric muscle 
contractions. (Graves, Kornatz and Enoka 2000) (Hortobágyi, Tunnel, et al. 2001) While older 
adults tend to demonstrate greater variability in controlling submaximal muscle contractions, 
they may be able to acquire or learn how to obtain stable force measures with practice. (Floyer-
Lea and Matthews 2005) Unfortunately, there is a limited amount of evidence regarding the 
amount of practice needed, or how rapidly an individual can acquire the ability to maintain 
steady and accurate forces across repeated trials. This may have an impact on whether force 
stability measures differ across the lifespan. 
Age-related reductions in maximal voluntary isometric strength for the muscles of the lower limb 
such as the leg extensors (Izquierdo, et al. 1999) (Thompson, Ryan and Sobolewski, et al. 2013), 
leg flexors (Thompson, Ryan and Sobolewski, et al. 2013), dorsiflexors (Klass, Baudry and 
Duchateau, Age-related decline in rate of Torque development is accompanied by lower 
maximal motor unit discharge frequency during fast contractions. 2008) (Thelen, et al. 1996), 
and plantar flexors (Bemben, et al. 1991) (Thelen, et al. 1996) have also been reported. However, 
it is often demonstrated that rapid force characteristics i.e., the rate of force or torque 
development may decrease during ageing to a greater magnitude (39–64 %) than maximal 
isometric strength. (29–46 %) (Ditroilo, et al. 2010) (Izquierdo, et al. 1999) (Thompson, Ryan 
and Sobolewski, et al. 2013) These findings are critical given that the ability to produce force 
plays an important role during many activities of daily living. (Aagaard, Simonsen, et al., 
Increased rate of force development and neural drive of human skeletal muscle following 
resistance training. 2002) 
 Specifically, the calf muscles have been identified as important loco-motor muscles that are 
important contributors to many functional-related activities in older adults such as walking speed 
(Clark, Manini, et al. 2013) and rising from a chair (Fukagawa, Brown, et al. 1995). 
Furthermore, evidence suggests that distal muscles, such as the plantar flexors, may undergo 
relatively greater (compared to proximal muscles) age-related neurogenic adaptations (i.e., motor 
unit remodeling), (Thompson, Ryan and Herda, et al. 2014) which have been suggested as being 
a primary contributor to the declines in force capacities observed across the life span. (Doherty, 
Vandervoort and & Brown 1993) Given that plantar flexor neuromuscular function may be an 
important factor in overall performance and mobility in the elderly (Clark, Manini, et al. 2013), it 
would be expected that the adverse effects of ageing on the plantar flexors may substantially 
contribute to the functional and lifestyle deficiencies commonly observed in the elderly. 
However, few studies have comprehensively (i.e., investigating numerous intervals along the 
force–time curve) examined muscle force characteristics as a comparison of the young and 
elderly in the plantar flexors and consequently, further research is warranted to more thoroughly 
elucidate the effects of ageing on both variations and steadiness in force generated by this muscle 
group. 
3.3 Summary  
The assessment of lower limb muscle activity provides important information about neuro‐  
muscular behavior before, after and during physical activities (Schmitz, et al. 2009). EMG can 
identify changes in the motor skills of older adults and help create prevention strategies for age 
associated changes in neuromuscular factors that can impair daily activities and increase the rate 
of falls among this population. However, there are still research gaps in understanding the 
variations in neuromuscular characteristics due to ageing. This chapter has presented an 
overview on the recent work and the background of the effects of ageing observed in muscle 
signal properties.  
Based on the preliminary studies, this research proposes the following: 
1. Fractal dimension (FD) of sEMG signals of lower limb muscles would be lower in the 
elderly as compared to the young; 
2. Co-activation around the ankle joint would be higher in older subjects with a decrease in 
agonistic muscle activity and increase in antagonistic activity; 
3. Force fluctuations will be predominant in the elder subjects during isometric dorsiflexion 
and plantarflexion.   
Chapter 4 
SEMG Muscle complexity  
4.1 Introduction 
This chapter has addressed the first research hypothesis; Fractal dimension (FD) of sEMG 
signals of lower limb muscles would be lower in the elderly as compared to the young. In order 
to achieve this, experimentally collected sEMG data of healthy young and elderly subjects were 
compared during isometric contractions of Tibialis Anterior and triceps surae muscles. It was 
also tested if other factors such as gender and level of contraction affected FD during 
plantarflexion and dorsiflexion movements. This chapter first establishes the relationship of 
muscle signal complexity to the neuromuscular properties that undergo age-related changes. 
Results obtained from the data analysis report the effects of age and gender on FD. The findings 
from this chapter are consequently used in Chapter 5 which will address the impact of these 
results on the difference in co-activation of lower limb muscles between young and old subjects.  
4.2 Self-similarity of sEMG   
In nature, there exist many similar curves such as turbulence, boundary of clouds and coastlines. 
Their common features are irregularity and non-differentiability. However, they will present 
some similar geometric characteristics when they are viewed in different certain scopes. That is, 
these curves will present their self-similarity on different approaching levels.  
Self-similarity, in a strict sense, means that the statistical properties (e.g., all moments) of a 
stochastic process do not change for all aggregation levels of the stochastic process. That is, the 
stochastic process “looks the same” if one zooms in time “in and out” in the process. In complex 
biosignals like sEMG, there exists self-similarity phenomenon, in which there is a small structure 
(motor unit) that statistically resembles the larger structure. The source of sEMG is a set of 
similar action potentials originating from different locations in the muscles. Because of the self-
similarity of the action potentials that are the source of the sEMG recordings over a range of 
scales, sEMG has fractal properties. The fractal dimension represents degree of self-similarity 
mathematically.  
4.3 Method to determine Self-similarity 
A fractal is a natural phenomenon or a mathematical set that exhibits a repeating pattern that 
displays at every scale. (Mandelbrot 1977.) If the replication is exactly the same at every scale, it 
is called a self-similar pattern. A fractal dimension (FD) is a ratio providing a statistical index of 
complexity comparing how detail in a fractal pattern changes with the scale at which it is 
measured. Biomedical signals are generated by complex self-regulating systems and hence many 
physiological time series have fractal or multifractal temporal structure, and  extremely non-
homogenous and non-stationary. A characteristic feature of nonlinear (as opposed to linear) 
process is that the interaction (coupling) of different modes, which may lead to repetitive signal 
phase structure. Such collective phase properties of the signal cannot be detected by linear 
spectral methods.  
Till the widespread introduction of digital devices, signals like EEG, EMG were registered as 
curves sketched by special pens on long and wide paper tapes. These graphs show statistical self-
similarity and may be treated as fractals, like seashore lines. With introduction of computerized 
data-acquisition systems biosignals are unregistered numerically, in a form of time series.  
Surface EMG is a biosignal with fractal properties and can be analyzed based on its FD. The FD 
can give an indication of the dimensionality and complexity of the system. Since actual living 
biological systems are not stable and the system complexity varies with time, one can distinguish 
between different states of the system by the FD; it can also determine whether a particular 
system is more complex than other systems. (Katz 1988) (Pikkujämsä, et al. 1999) 
Studies comparing various methods of calculation of FD have shown that Higuchi’s algorithm 
(Higuchi 1988) provides the most accurate estimates of the FD and it is also computationally 
inexpensive. In Katz method, the algorithm is computationally expensive while the output was 
exponentially related to the FD computed by simpler algorithms and thus did not give any new 
information (Katz 1988). Petrosian’s algorithm was found to be relatively linear and 
demonstrated the least dynamic range for the estimated FD. (Arjunan and Kumar, Age 
Associated changes in Muscle Actvity during Isomteric Contractions. 2013) (Gupta, 
Suryanarayanan and Reddy 1997) Box counting method has a high computational burden in time 
and memory, so it is comparatively less efficient. (Gómez, et al. 2009) Many other algorithms 
for estimating the FD of biosignals have been proposed (Chang, et al. 2007) (M. Talebinejad, et 
al. 2009) (Maragos and Sun 1983), but their computational algorithms are found to be complex. 
(Esteller, et al. 2001)  Furthermore, Higuchi’s method has also been used to observe the effects 
of ageing on sEMG from biceps brachii muscles by Sridhar et al who found a significant 
decrease in muscle signal complexity in elderly subjects. (Arjunan and Kumar, Age Associated 
changes in Muscle Actvity during Isomteric Contractions. 2013) Based on this, Higuchi’s 
algorithm was considered for the computation of FD of sEMG recorded from calf muscles in this 
study. 
4.3.1 Higuchi’s Algorithm   
Higuchi’s algorithm to estimate the FD is suitable for series in time domain. (Higuchi 1988)  In 
this method, the fractal curve is subdivided into   curves that are similar. (That is,   
            ) that are similar. Then the length of this curve may be expressed as proportional 
to   , whrere fractal dimension D, measures the complexity of the curve. for a simple curve D = 
1, while for a curve which spreads in a 2 dimensional area and nearly fills out the plane, D is 
close to 2.  
In computerized data-acquisition system the signal recorded on a selected channel is represented 
by the time series:  ( ),  ( )  ( )     ( ). Here,  ( ) is the signal’s amplitude at the i-th 
moment of time          and   is the total number of points; from this one then constructs   
new time series   
 , defined as: 
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In this context,         denotes the greatest integer not exceeding the number in the brackets;   
and   are integers indicating the initial time and the time interval respectively. For example, if   
=100 and     one obtains four time series: 
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 is a normalization factor,   ( ) is then is then averaged for all   giving 
the mean value of the curve length,  ( ), for given value of  . The procedure is repeated for 
several   and then from the log-log plot of    ( ) vs.    ( ) using the least-square method one 
obtains Higuchi’s fractal dimension of the signal, D : 
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Higuchi’s fractal dimension is always between 1 and 2 since it characterizes complexity of the 
curve representing the signal under consideration on a 2- dimensional plane. This procedure 
yields a more accurate estimation of fractal dimension. (Esteller, et al. 2001) 
Fractal Properties of sEMG   
Feature extraction is the process of accurately simplifying the representation of data by reducing 
its dimensionality while extracting its relevant characteristics for the desired task. It has a 
substantial effect on the classification accuracy and speed, since classification carried out 
without a successful feature extraction process on a high dimensional and redundant data would 
be computationally complex and would over fit the training data. Fractal dimension is a measure 
of the rate of change of the object size with scale, and thus its self-similarity. It is a statistical 
measure indicating the complexity of an object or a quantity that is self-similar over some region 
of space or time interval. It has been successfully used in various domains to characterize such 
objects and quantities (Gupta, Suryanarayanan and Reddy 1997) (Azemin, et al. 2012), but its 
usage in the study of sEMG signal properties is widely reported. (Arjunan and Kumar, Fractal 
theory based non-linear analysis of sEMG. 2007) (Boccia, et al. 2015) There are several fractal 
dimension estimation methods, some of which are not applicable to all types of data exhibiting 
fractal properties. In order to achieve a higher classification accuracy and speed, the fractal 
dimension estimation method that is most suitable to the data at hand should be chosen. 
The central nervous system modulates the level of muscle contraction by rate coding or changing 
the motor unit firing rates and recruitment. EMG measured at the surface at any instant of time 
represents a spatial summation of the potentials from motor units located directly under the 
electrodes. These potentials arise from the motor units that fire randomly. Thus, there are 
significant differences in the fractal dimension of surface EMG with different recruitment, firing 
rate, and MUAP duration. At lower force levels, a slight contraction causes smaller potentials to 
appear. As the force level is increased, the motor units increase their frequency of firing and 
larger potential are recruited. This is generally observed as an increase in the surface EMG signal 
and its mean power. This is also seen as an increase in the fractal dimension of the signal.  
The complexity/ self-similarity of EMG signal are affected due to a number of parameters such 
as the onset and recruitment rates of MUAP, estimates of motor unit number, size and 
morphology. Determining the signal complexity is helpful in both qualitative and quantitative 
clinical assessment of recruitment. Anmuth et al. (Anmuth, Goldberg and Mayer 1994) 
determined that there was a small change of the fractal dimension of the sEMG signal and this 
was linearly related to the activation of the muscle measured as a fraction of maximum voluntary 
contraction. They also observed a linear relationship between the fractal dimension and the 
flexion - extension speeds and load.  Gitter et al (Gitter and Czerniecki 1995) found that the 
fractal dimension is positively correlated to force and increases from a dimension of 1.1 to 1.4 as 
the force varies from 10% to 90% of maximal. Thus, as an estimate of complexity, the 
relationship of FD to EMG and force may be a useful addition to assessments based on 
amplitude and interference pattern analysis.  
The above shows that fractal dimension of sEMG can be used to characterize its fundamental 
properties.  
4.4 FD of sEMG and ageing   
Previous studies have correlated the FD for EMG interference pattern with the level of 
activation of the muscle measured as a fraction of maximum voluntary contraction (%MVC) 
during isometric contraction and found that FD appears to be linearly related to muscle activation 
(Anmuth, Goldberg and Mayer 1994) (Gitter and Czerniecki 1995). Since FD of a process 
measures its complexity, spatial extent or its space filling capacity and is related to shape and 
dimensionality of the process, the inherent properties of muscle include muscle dimensions and 
complexity can be quantified using this value. (Arjunan and Kumar, Fractal theory based non-
linear analysis of sEMG. 2007) Arjunan et al (Arjunan and Kumar, Age Associated changes in 
Muscle Actvity during Isomteric Contractions. 2013) have studied upper body muscles and 
observed that the relationship between FD and age can be approximated by a bilinear function 
and that the knee point of this function corresponds to 48 years. Boccia et al (Boccia, et al. 2015) 
found that FD of vastus lateralis muscle was significantly higher in the elderly than in the young, 
suggesting that the motor unit synchronization was lower in the elderly than in the young. 
 
4.5 Analysis of FD of sEMG  
4.5.1 Experimental setup   
The experimental setup was designed to record sEMG signals of the lower leg muscles of the 
subject while performing isometric ankle movements under various levels of contraction. 
4.5.1.1 Subjects 
Thirty-seven volunteers participated in this study. All of them self-reported that they were free of 
any current or prior orthopedic and neurological disorders or injuries. The volunteers belonged to 
two age groups, young adults (20-35 years) and older (60-80 years). Younger cohort consisted of 
ten young males (YM) and ten young females (YF). Older group had seven older males (OM) 
and ten older females (OF). 
The average height of the participants was 167.5 ±10.3 cm and Body Mass Index (BMI) was 
23 ±4 kg/m2, the anthropometric characteristics of participants are shown in Table 1. The aim, 
procedures and risks of the study were explained to the participants and their written informed 
consent was obtained. The experiments were approved by RMIT University Human Research 
Ethics Committee (Ethics project reference no: 15751 (40/13)) and were conducted in 
accordance with Declaration of Helsinki of 1975, as revised in 2004. 
 
 
 
Table 1: Anthropometric characteristics of all participants of the study 
Age range 
Mean Age and Number of 
participants (N) 
Body mass [kg] 
Group Males Females Total Males Females Total 
Group 1: 
20-35 yrs 
23.8 ± 3.5 
N = 10 
26.2 ± 5.1 
N = 10 
25.2 ± 3.8 
N = 20 
68.6 ± 9.9 58.2 ± 9.6 63.4 ± 9.7 
Group 2: 
60-80 yrs 
66.1 ± 8.8 
N = 7 
68.8 ± 7.9 
N = 10 
67.5 ± 8.2 
N = 17 
76.6 ± 6.4 68.2 ± 8.2 72.3 ± 7.6 
 
4.5.1.2 Signal recording and Processing 
Surface Electromyographic (sEMG) recordings were obtained using a proprietary surface EMG 
acquisition system by DELSYS (Boston, MA, USA) The parallel-bar EMG sensors were used 
for sEMG recording. Each channel is a pair of differential electrodes with a fixed inter-electrode 
distance of 10mm. The system gain was 1000, CMRR was 92 dB, and bandwidth was 20–450 
Hz, with 12 dB/ octave roll-off. The sampling rate of the system was 1024 samples/ second for 
each channel and the resolution was 16 bits/ sample.  The signal-to-noise ratio of the system was 
computed by calculating the Root-Mean Square (RMS) of the detected signal and dividing it by 
the RMS noise baseline of the system. It was found to be 40 dB which is within the expected 
range.   
Prior to placing the electrodes, skin of the participant was prepared by shaving (if required) and 
exfoliation to remove superficial epidermis. Skin was cleaned with 70% v/v alcohol swab to 
remove any oil or dust from the skin surface. The skin impedance between the two electrodes 
was measured and in all cases was less than 60 KΩ. Visual feedback was provided to the 
participants on a desktop running the EMGworks® 3.7 data acquisition software package 
(Delsys Inc., Boston, MA, USA). 
4.5.1.3 Experimental Protocol 
The participants were asked to warm-up prior to the experiment by performing self-administered 
stretching exercises of their legs for approximately 15 minutes. They were then seated in a sturdy 
chair that was adjustable to their height and leg length. This set-up has been illustrated Figure 
8.Their right leg was extended to rest on the foot-plate, such that their hip, knee and ankle were 
approximately at 90°, 140°, and 90° angle, respectively to achieve maximal force outputs. 
(Siddiqi, Arjunan and Kumar 2015) The foot was strapped such that there was no lift of the foot 
from the foot-plate. The foot-plate was immobilized using an SM100 strain gauge such that it 
measured the moment of force generated by the foot during dorsiflexion or plantarflexion. With 
similar foot length of all the participants (+/- 5%), the sensor output for all experiments was 
suitable for comparing the moment of force.  
 
Figure 8: Experimental setup used to acquire sEMG data from lower leg muscles. 
Surface electromyogram electrodes were placed on the surface of lower leg muscles TA, LG, 
MG and Sol and the positioning was based on the SENIAM recommendations. (Siddiqi, Arjunan 
and Kumar 2015) SEMG signals were recorded when the subjects performed isometric 
plantarflexion and dorsiflexion movements as shown in Figure 9.  
 
Figure 9: SEMG electrode placement to record TA, LG, MG, Sol muscle signals. 
Maximum voluntary contraction (MVC) was determined for each subject for plantarflexion and 
dorsiflexion. This was obtained by averaging three trials of maximum exertion measured by the 
force sensor. Visual feedback was provided by displaying the output of the force sensor on the 
computer screen. 
After determining the MVC, sensor output corresponding to 25%, 50% and 75% MVC were 
marked on the display. The participants were asked to perform these steady sub-maximal 
contractions based on visual feedback, matching the sensor output with the corresponding marks 
on the display. They performed this for seven seconds and repeated each three times for the three 
contraction levels; 25%, 50% and 75%. They were given rest period of at least two minutes 
between each repetition to avoid fatigue.  
4.5.2 Data Analysis   
Data analysis was performed using MATLAB software (The MathWorks Inc., Natick, 
Massachusetts, USA). Fractal dimension was calculated using the procedure reported by Higuchi 
(Higuchi 1988) for non-periodic and irregular time series.  
ANOVA or Analysis of variance is a statistical test used to analyze two or more variables to 
determine whether the mean of these variables differ significantly between classes and is based 
on the within group variance of each class. It measures the differences of two or more metric 
dependent variables based on a set of categorical variables acting as independent variables. 
(Hair, et al. 2006)  Two factor analysis of variance on FD values of all four muscles was used to 
test the significance of the factors: Age and MVC (100%, 75%, 50% and 25%) using MATLAB 
software. A p-value of less than 0.05 was considered statistically significant for the three main 
effects (primary hypothesis).  
To calculate the significance of the relationships, the F –value from ANOVA table was used. An 
F-test is a statistical test in which the test statistic has an F-distribution if the null hypothesis is 
true. (Fisher 1922) (Boonstra, et al. 2015) Consider the two different models (simpler and 
complicated for analysis in F-test. If the simpler model is correct, the relative increase in the sum 
of squares (going from more complicated to simpler model) is expected to equal the relative 
increase in degrees of freedom. (GraphPad 2007) If the simpler model is correct, it is expected 
that:  
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where SS1 is the sum of squares for the simpler model and SS2 is the sum of squares of the more 
complicated model. If the more complicated model is correct, then it is expected that the relative 
increase in sum of squares to be greater than the relative increase in degrees of freedom: 
(       )
   
  
(       )
   
 
The F-ratio quantifies the relationship between the relative increase in sum of squares and the 
relative increase in degrees of freedom. This can be represented in an equation as: 
  
(       ) (       )
       
 
F ratios are always associated with a certain number of degrees of freedom for the numerator and 
a certain number of degrees of freedom for the denominator. This F-ratio has dF1-dF2 degrees of 
freedom for the numerator and dF2 degrees of freedom for the denominator. The p-value, which 
is derived from F, determine the significance of the separation as F increases, the p-value 
decreases. 
4.6 Results   
Figure 10 and Figure 11 are Box plots representing the Mean and SD fractal dimension for young 
and old subjects for different muscles during ankle extension and flexion respectively. It is 
observed that the mean FD is lower in older participants than in younger in all muscles during 
both gestures. There is also large variation in the values in the older subjects – this is particularly 
striking in MG and Sol muscles.  
 Figure 10: Effect of age on Fractal Dimension during Dorsiflexion. Mean and SD FD values are shown with box plots for each 
muscle (T= Tibialis Anterior, L – Lateral Gastrocnemius, M- Medial Gastrocnemius and S- Soleus) for young (Y) and old (O) 
subjects. 
 
Figure 11: Effect of age on Fractal Dimension during Plantarflexion. Mean and SD FD values are shown with box plots for each 
muscle (T= Tibialis Anterior, L – Lateral Gastrocnemius, M- Medial Gastrocnemius and S- Soleus) for young (Y) and old (O) 
subjects. 
A 3-way ANOVA analysis showed that of all the three factors; age, gender and MVC. The effect 
of gender or the force levels recorded and the combined effect of both these two factors taken 
together were not significant (p=0.08). However, age was the predominant factor to have played 
a role in this analysis. Table 2 and Table 3 summarize the results as obtained from statistical 
ANOVA analysis to study the effects of age and MVC on these muscles during both dorsiflexion 
and plantarflexion performed by the subjects. As can be seen, while the properties of Lateral 
Gastrocnemius muscle signal data was not affected much with age, TA and Sol showed 
substantial age-related association. Other factors such as height and BMI proved to be 
insignificant for this group. 
Table 2: ANOVA table for testing the effects of Age and MVC level affecting the FD of TA, MG, LG and Sol muscles during 
dorsiflexion. (* p<0.05) 
 Dorsiflexion 
 TA  MG LG Sol 
 d.F F p d.F F p d.F F p d.F F p 
Age 1 7.25 0.008* 1 5.75 0.05* 1 3.43 0.066 1 14.11 0.0003* 
MVC 3 0.29 0.83 3 0.11 0.95 3 0.08 0.97 3 0.27 0.84 
 
During dorsiflexion, Sol was noted to be most significantly affected due to ageing (    = 
14.1, p < .0005), followed by TA (    = 7.25, p < .0005) and MG (    = 5.75, p < .0005). The 
level of contraction did not seem to impact the results during this gesture. On the other hand, 
during plantarflexion, Sol (     = 11.1, p < .0005) and MG (     = 7.9, p < .0005) muscle signal 
complexity altered due to ageing more than TA and LG. %MVC of the contraction was 
significant in LG (    = 6.2, p < .0005) among the subjects.  
 
Table 3: ANOVA table for testing the effects of Age and MVC level affecting the FD of TA, MG, LG and Sol muscles during 
plantarflexion. (* p<0.05) 
 Plantarflexion 
 TA MG LG Sol 
 d.F F p d.F F p d.F F p d.F F p 
Age 1 2.86 0.094 1 7.98 0.0039* 1 3 0.081 1 11.05 0.0011* 
MVC 3 1.41 0.244 3 0.96 0.373 3 6.23 0.0024* 3 0.19 0.89 
 
 
4.7  Discussion  
The results of the present study demonstrate that there is an age based difference in the 
complexity of sEMG signals measured during isometric dorsiflexion and plantar flexion. The 
work has also seen that this difference is not because of difference in body size. We have 
discussed some of the possible parameters that may play a role in this difference such as the 
variability of motor unit discharge and the type of motor units involved. 
Observations of this study are consistent with the findings of other researchers who have studied 
the age-associated reduction in FD of other physiological signals. (Boccia, et al. 2015) In order 
to interpret the results of FD analysis, the effects of the physiological nature of EMG signals on 
the FD have to be understood. One of the explanations linked to reduction in FD is the reduction 
in diversity. Thus, the reduction in FD could indicate a decrease in the number of motor units 
and a corresponding increase in motor unit density.  Muscle properties and behavior are 
primarily manifested in EMG by MUAPs. For example, myopathic disorders are reflected by 
smaller, briefer, and more complexly shaped MUAP and increased recruitment, while neurogenic 
disorders are reflected by large, long-duration, polyphasic MUAPs and reduced recruitment. 
(McGill 1984) As we know, the EMG pattern depends on the number of motor units recruited 
(recruitment), the firing rate of motor units, and MUAPs (amplitude, duration, and wave shape).  
At the level of the single motor unit, ageing is associated with muscle atrophy as well as a 
dynamic process of denervation and re-innervation of muscle fibers. (M. Deschenes, Motor unit 
and neuromuscular junction remodeling with aging. 2011) Older muscles display a decreased 
total number of muscle fibers as a direct consequence of loss of motor neurons. When a motor 
neuron undergoes cell death, there is resultant denervation of muscle fibers within its territory. 
Adjacent motor neurons re-innervate the denervated muscle fibers through terminal axonal 
sprouting, which increases the innervation ratio of these motor units. However, ageing is 
associated with a decreased capacity for re-innervation and thus there is incomplete reclamation 
of denervated muscle fibers, leading to a reduction in the number of motor units and an increase 
in the number of denervated muscle fibers. (L. Stenroth 2016) 
The novelty of the study reported in this chapter is; with ageing there is decline in muscle signal 
complexity affecting the muscle strength in both genders. Moreover, it was also established that 
within the triceps surae muscle group, Soleus and the gastrocnemii showed varied effects of 
aging. Sol and Gastrocnemii muscles were noted to be most significantly affected due to ageing. 
These results describe the varied effects of ageing on triceps surae muscle group. The difference 
in the muscle structures of the gastrocnemii muscles in comparison with Sol is likely supported 
by the fact that it provides the major contribution to triceps surae physiological cross-sectional 
area (66%) compared with that of the LG (13%) and MG (26%). (Albracht, Arampatzis and 
Baltzopoulos 2008) It is reported that muscle size was significantly lower in old compared with 
young as indicated by lower muscle thickness in SOL and in GM. (Stenroth, et al. 2012) Fascicle 
length in GM was also observed to be shorter in old compared with young. Another likely reason 
for the differences in LG and MG properties could be owing to the fact that it has been estimated 
that in young, muscle fascicles of MG work at slightly longer length than optimal in walking 
(Arnold and Delp 2011), and therefore, the lower Achilles tendon stiffness in old individuals 
allows muscle fascicles to shorten the amount needed to reach optimal length. In LG, it has been 
shown that in walking when the muscle is active, fascicle length remains unchanged in older 
subjects and lengthens in younger subjects. (Mian, et al. 2007) 
Correlation of the FD of EMG with those properties will be very useful to understand the relation 
of FD between the physiological properties and behavior of muscle, and can offer the basis for 
fractal analysis of EMG IP in neuromuscular disorder diagnosis and local muscle fatigue 
detection. . 
4.8 Summary   
The human skeletal muscle exhibits a linear decline in size after age 50 of approximately @ 1% 
per year, and this correlates with findings of reduced force production with increasing age. 
(Goodpaster, Park, et al. 2006) Along these lines, the results of this study suggest that in old age, 
both genders undergo an overall decline in muscle signal complexity affecting the whole muscle 
strength resulting possibly from fewer total motor units, decreased specific force, and fast twitch 
fiber atrophy. Results obtained in this chapter will be used to explain the differences in co-
activation indices and; strength and steadiness in force signals between young and older subjects 
in Chapters 5 and 6 respectively.  
Chapter 5 
Co-activation  
5.1 Introduction   
This chapter experimentally determines the age and gender associated differences in co-
activation index (CI) of the lower leg muscles during dorsiflexion and plantarflexion of the 
ankle. In this study, along with CI, the association of agonistic and antagonistic muscle activity 
with age and gender were also investigated. The outcomes of the experiments were statistically 
analyzed to determine the changes in sEMG activity in subjects of both age groups. The 
experimental protocol and results obtained are described in the following sections.  
In this chapter, the second hypothesis of reduction in co-activation and altered behavior of 
agonistic – antagonistic muscles due to ageing is addressed. Observations made from Chapter 4 
could contribute to the results of this study. Implications of these age - associated changes in 
Tibialis Anterior and triceps surae muscle group are accountable for unsteadiness in muscle for 
outputs which will be discussed in Chapter 6. 
5.2 Co-activation in muscles 
An agonist is a muscle that is capable of increasing torque in the direction of a limb’s movement, 
and thus produces a concentric action. In other words, the muscle can produce a force that 
accelerates a limb around its joint, in a certain direction, making it a prime mover. For example, 
the biceps brachii is the agonist which flexes the elbow. An antagonist is a muscle that is capable 
of opposing the movement of a joint by producing torque that is opposite to a certain joint action. 
This is usually a muscle that is located on the opposite side of the joint from the agonist. The 
triceps, an extensor of the elbow joint, is the antagonist for elbow flexion. Furthermore, the 
triceps is an antagonist to the biceps, and vice versa.  
In order for an agonist to shorten as it contracts the antagonist must relax and passively lengthen. 
This occurs through reciprocal inhibition, which is necessary for the designated joint movement 
to occur unimpeded. Reciprocal inhibition is a neural inhibition of the motor units of the 
antagonist muscle. When the agonist muscle contracts, this causes the antagonist muscle to 
stretch. Normally, this stretching would be followed by a stretch reflex which would make the 
muscle being stretched contract against the change in length. If this were allowed to happen 
unchecked, then it would result in very jerky or oscillatory movement since the stretch reflex in 
the antagonists would elicit a new stretch reflex in the agonist. The inhibition of the alpha-motor 
neurons in the antagonist is brought about by Ia-inhibitory interneurons of the spinal cord, which 
are excited by Ia afferents in the agonist muscle. (Mao, et al. 1984) 
Muscle co-activation is the simultaneous activation of agonistic and antagonistic muscles. This 
stabilizes the joints and provides postural and movement stability. It can be advantageous for co-
activation to occur for several reasons. For instance, when movements require a sudden change 
in direction, when heavy loads are carried, or to make a joint stiffer and more difficult to 
destabilize. 
 
 
5.3 Effects of Age and Gender 
5.3.1 Co-activation and ageing   
A subtle yet important characteristic of impaired muscle strength in older people is an increase in 
metabolic energy consumption. This greater metabolic cost of muscle contraction likely 
increases muscle fatigue during a joint movement. One factor that may contribute to lower 
mechanical efficiency of the muscular system during a contraction in older adults is increased 
co-activation of the antagonist muscles. (Peterson and Martin 2010) (Hortobágyi, Finch, et al. 
2011) Old adults tend to perform motor tasks with greater amounts of concurrent agonist and 
antagonist activity compared with young individuals, yet the underlying reasons for the greater 
co-activation remain to be identified. (Hortobágyi and Devita, Mechanisms Responsible for the 
Age-Associated Increase in Coactivation of Antagonist Muscles 2006) 
Higher co-activation in the elderly women has also been found to be a mechanism to enhance 
joint stiffness in order to maintain the dynamic equilibrium. However, increase in stiffness is not 
always a good response because it might contribute to increased risk of falls. (Cenciarini, et al. 
2010) Agonist–antagonist co-activation is also considered undesirable because it increases the 
energy cost of performing muscular work, (Granata, Slota and Wilson 2004) (Candotti, et al. 
2009) requires activation of larger motor units to complete a task (Brown and McGill 2008) and 
impairs neuromuscular performance, especially in an elderly population. (Reeves, et al. 2009) 
Thus, high percentages of co-activation can result in mechanical disadvantages, favoring the 
onset of fatigue, limiting the duration of activities, and increasing the risk of falls. (Hortobagyi 
and DeVita, Muscle pre- and co- activity during downward stepping are associated with leg 
stiffness in aging. 2000) (Ortega and Farley 2007)  
When performing submaximal isometric contractions, for example, old adults accommodate 
changes in task demands by coactivating agonist and antagonist muscles, whereas young adults 
tend to rely on a strategy of modulating afferent feedback. (Baudry, Maerz and & Enoka 2010) It 
is unclear whether or not the greater co-activation exhibited by elderly adults during such 
conditions is due to a decline in the function of the pathways that adjust afferent input across 
tasks. 
 Age associated changes of the ankle muscles are different from other muscles such as biceps. 
Gastrocnemius muscle is the stabilizing muscle of the ankle and undergoes less change 
compared with other skeletal muscles. Hallal et al found that older women tended to have higher 
levels of lower limb muscle co-activation than younger during normal and dual-task gait. (Hallal, 
et al. 2013) Increased joint stiffness in older adults can be a strategy to increase the rigidity of the 
joints during the stance phase to compensate for reduced muscle strength and/or ligament laxity 
resulting from ageing. (Schmitz, et al. 2009) However, higher ankle muscle co-activation can 
cause unwanted compensations in the hip and knee, such as increased flexion at push-off. 
(Kirkwood, et al. 2011) Simoneau et al (Simoneau, Martin and Van Hoecke, Muscular 
performances at the ankle joint in young and elderly men. 2005) reported that they observed 
lower co-activation in older (8% vs 15%) than that in the young males during plantar flexion. 
However, this appears to contradict the literature that there is net decrease in agonistic activity 
with age (Simoneau, Billot, et al. 2009) and other findings where increase in co-activation has 
been observed for nearly all other joints. (Billot, Duclay, et al. 2014) One factor that has not been 
considered is the role of gender because earlier studies have focused on either only on male 
subjects (Simoneau, Martin and Van Hoecke, Muscular performances at the ankle joint in young 
and elderly men. 2005) (Billot, Duclay, et al. 2014), female subjects (Kirkwood, et al. 2011) (De 
Boer MD September 2007) (Bazzucchi, Felici, et al. 2004), or a mix but disregarding gender as a 
factor. There is no reported investigation of the influence of both age and gender on CI of the 
muscles of the ankle.  
5.3.2 Co-activation and Gender   
Several structural factors such as, muscle cross-sectional area, specific tension (force per cross-
sectional area), tendon stiffness, pennation angle (the angle between the fascicle and deep 
aponeurosis), and fascicle length (distance between the aponeurosis and fascicle)could explain 
gender differences in muscle performance. Differences in muscle thickness, fiber length, and 
angle of pennation between males and females have been documented in both the upper (Abe, et 
al. 2001) (Ichinose, et al. 1998) and lower (Chow, et al. 2000) (Kubo, Kanehisa and Fukunaga 
2003) extremities. Chow et al reported that the gastrocnemius and soleus muscles of females 
have longer fibers, smaller angles of pennation and are not as thick as male muscles. Marked 
gender differences have been reported for muscle cross-sectional area (Kumagai, et al. 2000) 
(Abe, et al. 2001) and tendon stiffness (Blackburn, et al. 2006), both being greater in males than 
in females. However, the gender difference in tendon stiffness is not greater than the gender 
difference in muscle strength, and in each gender, tendon stiffness is proportional to the strength 
of the muscles acting on it. (Bamman, et al. 2000)  
Based on the formula for physiological cross-sectional area, the above-described differences in 
muscle architectural properties between males and females have significant implications with 
respect to force and velocity. Current explanations of the relationship between muscle 
architecture and function rest on the assumption that, due to practical reasons such as mobility, 
there is a finite maximum mass or volume that is structurally possible for all muscles (Chow, et 
al. 2000). Larger pennation angles have been argued to permit a greater degree of fiber packing 
(Gans and Gaunt 1991) (Rutherford and Jones 1992), the net result of which is a larger overall 
force on a tendon for the same muscle volume. In turn, thicker muscle with otherwise similar 
properties would result in a larger force vector on the same tendon. In contrast, longer muscle 
fibers have more sarcomeres arranged in series, permitting greater muscle excursion and 
contraction velocity. (Wickiewicz, et al. 1983) (Burkholder, et al. 1994)  Larger pennation 
angles, thicker muscle and shorter fibers recorded in the gastrocnemius and soleus muscles of 
males would each contribute to greater force generation in males than in females. 
 
As a muscle is lengthened, the constituent parallel elastic components are placed on stretch. 
These fibers may act like an elastic band that passively produces increased force with stretch. As 
the overall muscle force remains constant, an increase in the force produced by this passive 
muscle component allows for a decrease in force developed by the contractile elements. 
(Lunnen, Yack and LeVeau 1981) Hence, fewer motor units are needed, which results in reduced 
EMG activity in females as compared to males. For a muscle fiber there is a specific length at 
which the ratio between muscle force and EMG activity is greatest. The position of greatest 
muscle fiber efficiency appears to be the greatest length a muscle can obtain in situ. Thus, 
shortening the muscle decreases the efficiency of the muscle fibers. (Edith, et al. 2013) 
5.4  Analysis of Co-activation 
During submaximal efforts (e.g., functional tasks) a ratio of antagonist to agonist muscle activity 
is used frequently, that is, a co-activation index. (CI) (Hu, et al. 2007) (Rao, Amarantini and 
Berton 2009) This ratio (antagonist/agonist) is equivalent mathematically to estimating the level 
of antagonist muscle activity when the agonist is maximal (i.e., 100% active). The purpose of 
this study is to investigate the gender and age difference in lower leg muscle co-activation using 
CI as a measure during plantar and dorsiflexion about the ankle joint during isometric 
contraction at different levels of force of contraction. 
5.4.1 Experimental setup  
The experimental setup was designed to record sEMG signals of the lower leg muscles of the 
subject while performing isometric ankle movements under various levels of contraction. SEMG 
recording and the protocol followed are explained in 4.5.1 
5.4.2 Data Analysis   
Co-activation index (CI) is the ratio of averaged normalized values of antagonistic and agonistic 
muscle activities. (Kaur, Bhatia and Nara 2015) As the first step, moving root mean square 
(RMS) was calculated. The algorithm to calculate RMS is defined for an optimal epoch of 50 ms.  
This value was chosen considering that the higher the time window selected, higher the risk of a 
phase shift in contractions with steep signal increase. (Un, et al. 2013) (Hunter, et al. 2014)RMS 
thus computed  for all the sEMG recordings was then averaged for each recording. During 
plantar flexion, TA was considered as the antagonistic muscle and Gastrocnemii and Soleus 
muscles were considered as agonistic muscle. Similarly, during dorsiflexion TA was the 
agonistic and gastrocnemii and the soleus were the antagonistic muscles. 
Figure 12 is a sample plot of the raw SEMG signals collected from all the four muscles from 
during one exercise at maximal dorsiflexion and Figure 13 is the plot of the sEMG during 
plantarfexion at maximal contraction of the same subject.  
 Figure 12: Raw SEMG data of a Young Male performing at 100% MVC dorsiflexion contraction. 
 
Figure 13: Raw SEMG data of a Young Male performing at 100% MVC plantarfelxion contraction. 
 sEMGAnt is the averaged RMS of sEMG corresponding to the antagonistic while sEMGAg is 
that of the agonistic, then CI (as a percentage) is 
CI = sEMGAnt/sEMGAg *100%                                    (1) 
The percentage of agonistic and antagonistic muscle activities was calculated as the ratio of 
sEMG of the muscle to its maximum sEMG. N way ANOVA was performed to determine the 
statistical significance of CI with age, gender and % MVC as factors.  
5.5 Results  
Figure 14 shows the bar charts that compare the CI for subjects performing plantar flexion and 
dorsiflexion respectively. CI is averaged for all the percentage of MVC. This figure shows that 
there is a difference between the four groups of people, with the ranking for plantar flexion 
(higher to lower) is; OM, OF, YF and YM. The same ranking is observed for dorsiflexion of the 
ankle.  
 
Figure 14: Bar chart of CI for different subjects categorized as YM-Young Male, OM-Old Male, YF-Young Female, OF-Old Female 
during plantar flexion and dorsiflexion. 
 Figure 15 shows the comparison of the agonistic and antagonistic activities averaged for all 
percentage of MVC during dorsiflexion for the four groups; YM, OM, YF and OF. The figure 
shows that for the antagonistic, the ranking (highest to lowest) is; OM (0.55±0.05), OF 
(0.51±0.07), YM (0.4±0.08) and YF (0.33±0.06). It is observed that, for the agonistic, however, 
the ranking was different; YM (0.64±0.08), YF (0.49±0.04), OM (0.47±0.05) and OF (0.4±0.07). 
Figure 16 shows the comparison of the averaged agonistic and antagonistic activities during 
plantar flexion for the four groups. The figure shows that for the antagonistic, the ranking 
(highest to lowest) is; OM (0.65±0.04), OF (0.58±0.03), YF (0.48±0.04) and YM (0.45±0.05). 
For the agonistic, the ranking was similar to that in Dorsiflexion; YM (0.84±0.05), YF 
(0.56±0.03), OM (0.53±0.03) and OF (0.4±0.07).  From Figure 15and Figure 16, it is observed 
that for plantar flexion and dorsiflexion, the Antagonistic activity is the highest for elder males 
and females, while the agonistic activity for these two is the lower compared with the younger 
people.  
 Figure 15: Bar chart of Normalized Agonistic and Antagonistic sEMG during Dorsiflexion in YM, YF, OM and OF. 
 
Figure 16: Bar chart of Normalized Agonistic and Antagonistic sEMG during plantar flexion in YM, YF, OM and OF. 
 
 
5.5.1 Statistical analysis of data   
N-way ANOVA is shown in Table 4 (α=0.05). During both plantar flexion and dorsiflexion, it is 
observed that there is significant age-associated difference of CI.  The interaction between age 
and gender on CI is also significant. However, no statistical difference in the CI with respect to 
% MVC is observed.  
The results show that sEMG of the antagonistic was significantly different for the two age 
groups for both; plantar flexion and dorsiflexion. However, the agonistic activity was 
significantly affected only for dorsiflexion. The factor of age and gender as a combination was 
observed to play a significant impact on CI during both the movements. 
Table 4: Results of ANOVA (p values) of CI, Antagonistic sEMG activity and Agonistic sEMG activity with Age, gender and %MVC 
as factors (p< 0.05) during plantar flexion (PF) and dorsiflexion (DF) 
Factor CI 
Antagonistic 
Activity 
Agonistic Activity 
 PF DF PF DF PF DF 
Age 0.0005 0.0008 0.0046 0.0009 0.1287 0 
Gender 0.1421 0.649 0.546 0.206 0.2777 0.0558 
%MVC 0.5017 0.7392 0.0034 0.1255 0.0526 0 
Age*Gender 0.0039 0.006 0.1127 0.8136 0.2188 0.0123 
Age*%MVC 0.8361 0.6356 0.3431 0.4291 0.3193 0.3569 
Gender*%MV
C 
0.8677 0.8052 0.7589 0.4903 0.5292 0.9635 
 
 
Agonistic activity, particularly during dorsiflexion was largely affected due to age and gender. 
The table also shows that sEMG of both, agonistic and antagonistic was significantly affected by 
%MVC for plantar flexion but the antagonistic activity was not affected significantly for 
dorsiflexion.  
5.6 Discussion  
During both plantar flexion and dorsiflexion, co-activation of Tibialis Anterior muscle and 
Triceps surae muscle group is greater in the older group and is highest for the older males. 
Increased CI could be attributed to three reasons; significant increase in antagonistic activity, 
significant decrease in agonistic activity or both. This study compared the agonistic and 
antagonistic muscle activities to identify which of these had changed. The results show that 
normalized sEMG of agonistic muscles reduced and antagonistic muscles increased for both, 
dorsiflexion and plantar flexion. Both of these would contribute towards increase in CI. 
Ageing leads to marked alterations in muscle architecture that potentially contribute to the 
change in sEMG activity (M. Narici, et al. 2003) and strength of muscle contraction. (Laughton, 
Slavin and Katdare 2003) (Hortobagyi, Solnik and Gruber, Interaction between age and gait 
velocity in the amplitude and timing of antagonist muscle coactivation 2009) (Sun, et al. 2016) 
Decrease in muscle strength necessitates higher CI to maintain stability and this is confirmed in 
this study. Increased co-activation, however, has also been suggested as a possible mechanism 
for the loss of muscle force with ageing. (Macaluso, et al. 2002) Thus, ageing associated 
increased CI could indicate disproportionately higher reduction in the overall force generated at 
the ankle joint compared with the reduction in the strength of the force of the individual muscles. 
However, reduction in loss of strength of a muscle cannot be directly measured.    
Although older adults appear to co-activate a variety of antagonist leg muscles more than their 
younger counterpart, the cause for the greater antagonist co-activation remains unresolved. The 
increase in leg muscle co-activation with age may be a compensatory mechanism for reduced 
sensory perception that improves stability during gait by increasing joint stiffness. (Hortobagyi 
and DeVita, Muscle pre- and co- activity during downward stepping are associated with leg 
stiffness in aging. 2000) (Hortobagyi, Solnik and Gruber, Interaction between age and gait 
velocity in the amplitude and timing of antagonist muscle coactivation 2009) (Larsen, et al. 
2008) Strength training significantly decreases the antagonistic activation while modifying the 
neural drive to the agonistic muscles. (Simoneau, Martin and Porter, et al. 2006) The results of 
this study indicate there is need for regular strength training to retain joint stability as we age. 
Our results contradict the inferences of Simoneau et al that the co-activation declined due to 
ageing in males during plantar flexion but remained unaffected during dorsiflexion. (Simoneau, 
Martin and Porter, et al. 2006) The observed gender differences can be attributed to the 
peripheral differences between men and women, such as possible anatomical, structural 
elasticity, or morphological differences, as well as centrally mediated mechanisms which 
contribute to this generalized response. Future studies are needed to examine these differences. 
However, it can be concluded that these results support the initial hypothesis, based on prior 
reports of tendencies for women to show greater co-activation (Bazzucchi, Felici, et al. 2004) 
within a common age group.  
5.7 Summary 
This study has investigated the effect of age, gender and %MVC on the co-activation of TA and 
the Gastrocnemii muscles for isometric dorsiflexion and plantar flexion of the ankle. Results 
show that there is significant increase in CI, decrease in the agonistic activity and increase in 
antagonistic activity with age. It may be attributable to the greater need for stabilization of the 
joint due to the net reduction in strength of the two major muscles of the ankle joint. Women 
were found to have a higher CI in both age groups than males. These may be due to differences 
in fiber composition, size, intramuscular blood flow, muscle mass and related parameters. (Kaur, 
Bhatia and Nara 2015) (Macaluso, et al. 2002) (Deschenes, Mccoy and Mangis 2012)   
The next chapter reports the effect of age-associated changes to the agnostic/ antagonistic 
relationship on the moment of force produced at the ankle joint during steady plantarflexion and 
dorsiflexion measured by an immovable foot plate. 
 
  
Chapter 6 
Force Steadiness 
6.1 Introduction 
Age associated loss of strength and stability of the ankle may occur due to muscular or neural 
changes and are predictors of loss of mobility and risk of falls. (Aoyagi, et al. 1998) For this 
purpose, it is important to understand the differences between changes due to age and gender in 
the ankle torque and steadiness during dorsiflexion and plantarflexion. (Ng and Kent-Braun 
1999) This chapter investigates the age and gender differences in the maximal voluntary force, 
its steadiness, the time to reach steadiness and modulus of the force output prior to steadiness at 
the foot plate during isometric contractions. Changes in muscle signals of older participants, as 
studied chapters 4 and 5 are attributable to the marked reduction in force output and its 
steadiness.  
6.2 Force generation in the muscle 
The force developed by a contracting muscle is dependent on the muscle length and velocity, 
with active and passive muscle forces contributing to total muscle force. (Lieber and Fridén 
2001) Although the torque–angle relationship (Hasson, Miller and Caldwell 2011) (Winegard, 
Hicks and Vandervoort 1997) and the optimal angle for torque production (Winegard, Hicks and 
Vandervoort 1997) have been reported to remain the same for young and older adults, 
differences in muscle active and passive force contributions to the resultant plantar flexion 
torque may exist across the ankle range of motion. The mechanisms underlying age-related 
strength deficits are characterized by the force output from muscles across the muscle length and 
velocity range and are related to architecture (e.g. fascicle length, muscle volume), intrinsic 
mechanics (e.g. muscle specific tension, tendon compliance) and neural activation (e.g. voluntary 
activation, antagonist co-activation). Moreover, a shorter optimal muscle fiber length may also 
result in reduced or enhanced force production depending on whether the muscle fibers are 
operating on the ascending or descending limbs of the force–length relation. (Narici and 
Maganaris 2007) Furthermore, the majority of studies have reported increased tendon 
compliance in older adults (Onambele, Narici and Maganaris 2006) (Stenroth, et al. 2012) which 
may alter the relationship between joint position and fascicle length during contractions and 
hence distort our understanding of how the intrinsic properties of muscles change with age. In 
vivo muscle studies investigating the fascicles of the calf muscle during walking and hopping 
have found that older compared to young adults have reduced fascicle lengthening during the 
stance phase of gait (Mian, et al. 2007) and with increasing hopping intensity (Hoffrén, et al. 
2012) suggesting altered fascicle and tendon contributions to muscle–tendon unit length changes.  
Neural factors associated with reduced muscle strength and ageing include reduced voluntary 
activation (Clark, Patten, et al. 2010) (Morse, Thom and Davis, et al. 2004) and increased co-
activation of antagonist muscles. (Hortobágyi and Devita, Mechanisms Responsible for the Age-
Associated Increase in Coactivation of Antagonist Muscles 2006) (Klein, Rice and Marsh 2001) 
Reduced voluntary activation implies an impaired capacity of the nervous system to maximize 
motor unit recruitment and optimal firing rate in agonist muscles, whereas increased co-
activation indicates poor inter-muscular coordination and/ or excessive activation of antagonist 
muscles. There is conflicting evidence about the contribution that each of these neural factors 
makes to reduced strength capacity in older adults. (Morse, Thom and Davis, et al. 2004) (Klass, 
Baudry and Duchateau 2005) (McNeil, Vandervoort and Rice 2007) (Morse, Thom and Reeves, 
et al. 2005) The conflicts appear to arise at least in part due to alternative methods for 
determining voluntary activation (Folland and Williams 2007) (Taylor 2009), different muscle 
groups studied (Morse, Thom and Reeves, et al. 2005) (Yue, et al. 1999) and mobility levels of 
older participants. (Clark, Patten, et al. 2010) (Hortobágyi and Devita, Mechanisms Responsible 
for the Age-Associated Increase in Coactivation of Antagonist Muscles 2006) 
While it is commonly believed that there is a reduction in muscle force with age (Vaillancourt 
and Newell 2003), this has not been universally observed. (Ng and Kent-Braun 1999) (Kent-
Braun and Ng 2000) It has been reported that there is a net reduction in the type F fibers, an 
increase in the type S fibers (Spirduso, Francis and MacRae 1995) and reduction in the total 
number of motor units with age. (Williams, Higgins and Lewek 2002) Increase in type S and 
reduction in type F fibers is expected to reduce the power and steadiness of muscle force with 
ageing, (Williams, Higgins and Lewek 2002) (Rogers and Evans 1993) (Kraemer, Fleck and 
Evans 1996) resulting in weaker and less stable torque during maintained dorsiflexion and 
plantarflexion. Crucially, the reduction in type F fibers would also result in reduced explosive 
strength (Marianne, Pierre and Karine 2005) and this should lead to slower response and longer 
fluctuation of torque before stabilization. (Brown, Ross and Mynark 2004) 
Smaller motor units such as those in the muscles of the hand correspond to greater precision in 
muscle control while larger muscle units such as in the leg muscles correspond to grosser control 
of the muscle contraction. (Martini, et al. 2001) Associated with this, the decrease in the number 
of motor units would result in a less precise muscle control leading to decrease in steadiness with 
age. Hence, it is hypothesized that older people will have higher levels of variance of the force 
during sustained isometric contraction.  
6.3 Effects of Age and Gender 
6.3.1 Force steadiness and Ageing   
In recent years, several research groups have quantified the regulation of sub-maximal leg forces 
and demonstrated differences between patient populations and healthy controls. (Enoka, et al. 
2003) (Welsh, Dinenno and Tracy 2007) (Tracy, Dinenno, et al. 2007) Sub-maximal force 
regulation has been used as a probe to understand volitional control strategies and expose sub-
clinical impairments in force regulation. Typical measurements include the ability to achieve a 
target force (error) and the ability to maintain a given force (stability). Although force regulation 
can be task and muscle specific, larger muscle groups of the leg tend to have worse force 
regulation at lower relative force levels (< ~20% of maximal voluntary contractions) as 
compared to higher force levels. (Tracy, Dinenno, et al. 2007) The impaired stability of muscle 
force often exhibited by elderly adults has been studied extensively (Galganski, Fuglevand and 
Enoka 1993) (Keen, Yue and Enoka 1994) (Laidlaw, Bilodeau and Enoka, Steadiness is reduced 
and Motor Unit discharge is more variable in old adults. 2000) (Graves, Kornatz and Enoka 
2000) (Hortobágyi, Tunnel, et al. 2001) (Tracy and Enoka 2002) (Enoka, et al. 2003) (Bazzucchi, 
Felici, et al. 2004). The findings from these separate studies on different subject samples indicate 
that the age-related differences in force fluctuations are usually greatest at low forces and are 
dependent on the type of contraction and muscle group. For example, age-related increases in the 
fluctuations of muscle force are consistently found in the first dorsal interosseous muscle 
(Galganski, Fuglevand and Enoka 1993) (Keen, Yue and Enoka 1994) (Laidlaw, Bilodeau and 
Enoka, Steadiness is reduced and Motor Unit discharge is more variable in old adults. 2000) 
(Enoka, et al. 2003), less consistently in the elbow flexor (Graves, Kornatz and Enoka 2000) 
(Bazzucchi, Felici, et al. 2004) and knee extensor (Hortobágyi, Tunnel, et al. 2001) (Tracy and 
Enoka 2002) (Bazzucchi, Felici, et al. 2004) muscles, and differ between the ankle dorsiflexors 
and plantar flexors (Tracy and Howard, Fluctuations in Ankle Dorsiflexor Force are Similar in 
Young and Old Men and Women. 2004). 
Although the fluctuations in output during voluntary contractions are influenced by the 
descending drive onto the motor neuron pool, afferent feedback from the periphery, and the 
intrinsic properties of the motor neurons (Marsden, et al. 2000) (Baker and Baker 2003) 
(Yoshitake, et al. 2004), they are ultimately a consequence of the behavior of the motor units that 
innervate the muscle. For example, experimental and computational studies demonstrate that 
differences in the amplitude of the force fluctuations for a hand muscle are attributable to the 
discharge rate variability of the active motor units (Laidlaw, Bilodeau and Enoka, Steadiness is 
reduced and Motor Unit discharge is more variable in old adults. 2000) (Tracy, Maluf, et al. 
2005). However, because the contribution of a single motor unit to the net muscle force declines 
with an increase in the number of activated motor units (Fuglevand, Winter and Patla 1993), the 
contribution of discharge rate variability of single motor units to force fluctuations in large 
muscles with many motor units is reduced. (Hamilton, Jones and Wolpert 2004) The amplitude 
of tremor and force fluctuations is increased in older adults; thus the contribution of central 
mechanisms might be different in elderly compared with young adults. (Pollok, et al. 2004) 
(Sturman, Vaillancourt and Corcos 2005) 
 
6.3.2 Force steadiness and Gender   
It has been suggested that the force capacity of the muscle and patterns of motor unit activity can 
affect the amplitude of force fluctuations. (Enoka, et al. 2003) Although motor unit properties 
compared between men and women has not been a well-investigated area, preliminary data 
suggest that women have a lower motor unit firing rate compared to men, as well as greater 
discharge rate variability in the elbow flexors (Brown et al. 2009 b). Nonaka et al. found gender 
differences in mechanomyography (MMG) of the elbow flexors between young men and 
women. (Nonaka, et al. 2006) Females exhibited higher MMG per cross-sectional area compared 
to men, which the authors speculated was due to a lower motor unit firing rate for females. If 
females do have a lower discharge rate and higher discharge rate variability than males, this 
might be a reason why women are less steady than men. There has been little attempt to quantify 
the differences in steadiness between men and women and for those studies that have measured 
gender differences results are unclear. Christou et al. found that men were steadier than women 
at a low force level during pinch-grip force with and without a stressor. (Christou and Carlton 
2001) In fatigue tasks, men were reported to be steadier than women in the quadriceps. (Clark, 
Fernhall and Ploutz-Snyder 2006) 
Although there are widespread gender differences, Yoon et al. (Yoon, et al. 2014) were reported 
in the brain during cognitive and some motor tasks, the study found that activation was similar 
for young men and women during ankle dorsiflexion for most motor areas. Only in the right 
inferior temporal gyrus did men display greater activation than the women during the highest 
contraction intensity (70 % MVC). It is thus concluded that gender differences become more 
apparent when the higher task complexity and greater cognitive component are involved (Lissek, 
et al. 2007) or for different muscle groups and postures.  
From literature, the difference of the ratio of type I and type II fibers between the two genders 
has been well established, with young male having a comparative higher number of type II 
fibers. (Bazzucchi, Marchetti, et al. 2005) Earlier researchers have found significant gender 
differences in the generation of ankle torque, reaction times after a perturbation and the 
maintaining of isokinetic torque, time to peak tibial acceleration. (Holmes and Andrews 2006) 
Therefore, it is possible that men and women are affected differently by the instability.   
6.4 Analysis of Force steadiness   
The purpose of this study is to investigate the gender and age difference in the level of force 
generated during plantar and dorsiflexion about the ankle joint during isometric contraction in 
terms of: 
1. momentum (which is the chosen measure of strength) utilized to reach the required 
maximal voluntary force level and 
2. coefficient of variance of the force that measures globally the force stability.  
6.4.1 Experimental setup 
The experimental setup designed to record Force exerted at the foot of the subject while 
performing isometric ankle movements under various levels of contraction is shown in Figure 17. 
The number of participants who participated in this experiment and their anthropometric details 
are tabulated in Table 1. 
6.4.1.1 Force Signal recording and processing 
Force signal was recorded using Myomonitor IV (Delsys, Boston) data acquisition system. The 
sampling rate was 1000 Hz with a resolution of 16 bits/sample.  The force exerted during the 
dorsiflexion was recorded with a force sensor that was attached to the foot plate. The force 
sensor used is an Interface S type Load Cell SM – 100 with a capacity of 500 N. Visual feedback 
was provided to the participants on a desktop running the EMGworks® 3.7 data acquisition 
software package (Delsys Inc., Boston, MA, USA). 
 
Figure 17: Experimental setup designed to acquire ankle force data from a footplate. 
 
6.4.1.2 Experimental protocol   
The experimental protocol followed is explained in4.5.1. 
Prior to experiments, the participants underwent training to elicit their true maximal voluntary 
contraction (MVC) during both isometric plantar- and dorsiflexion (DF). They were provided 
visual force feedback and given verbal encouragement. They repeated the MVC trials until their 
consecutive force recordings differed less than 5%. The volunteers subsequently performed two 
isometric dorsiflexion at 25%, 50%, 75%, and 100% MVC in a random order, for 5 seconds, 
with a 2-minute rest between each trial. This was done to ensure that the muscles under study did 
not fatigue. 
6.4.2 Data Analysis   
The analysis of the data was done off-line using MATLAB R2012b software environment. 
Firstly, the signal was low pass filtered corresponding to 3dB cutoff at 100 Hz. The next step 
was to obtain the normalized standard deviation ( ), the coefficient of variation (CoV), 
computed by dividing   by the mean (  ) force recording. Figure 18 is an example plot of the 
recording from the force sensor during one exercise and Figure 19 is the plot of the corresponding 
CoV.  
 
Figure 18: Raw force data of a YM performing at 50% MVC dorsiflexion contraction. 
 
Figure 19: Coefficient of variation of force data of a YM performing at 50% MVC dorsiflexion. 
The CoV plot shows two peaks, one at the start and second at the end of the exercise. The initial 
burst consists of a spike followed by damped oscillations after which CoV reduced to less than 
10% representing stabilized force. To estimate the ability of the subject to adjust to the 
perturbation corresponding to the start of the exercise, the stabilizing period and integral of the 
oscillations was computed.  
6.4.2.1 Parameters studied 
The stability of the force was measured by averaging the CoV after the stabilizing period, TS. It 
was observed that there were variations in the length of the exercise by individuals. To ensure 
the time periods were comparative, three seconds after TS were analyzed.  
From the data, the following measures were computed for this study: 
 Normalized Force (FN) 
The average force value during each sub-maximal level of contraction exercise of the individual 
was computed and normalized against their body mass. (Bazzucchi, Marchetti, et al. 2005) This 
is reported in terms of N.Kg-1.  
 Time for stabilization (TS): 
The CoV data was analyzed to identify when the CoV was continually (>1000 samples) less than 
10% of the mean CoV. This was confirmed by visual inspection of the data. The unit of TS is 
seconds. 
 Initial peak Time (IPT): 
The time instance of the first major peak from CoV was visually identified and the 
corresponding value with respect to the start was labeled as IPT.  
 Area under the curve (AUC) before stabilization: 
The modulus of the force sensor output was integrated from 0 to TS and labeled as AUC. This 
represented the momentum of the damped oscillations prior to stabilization. The units of this are 
N.s or kg.m.s-1.  
 Coefficient of Variation (CoV) in stabilized section:   
The variability in torque after stabilization was measured by computing the average CoV in the 
region TS and TS+3. This has no units.  
                                

CoV                                                      (1) 
6.4.2.2 Statistical analysis 
The average and standard deviation of the five features during dorsiflexion and plantar flexion 
have been tabulated as follows in Table 5and Table 6. 
 
 
 
 
 
 
  
Table 5: Average (Av) and Standard deviation (SD) of the five features (TS, FN, CoV, AUC and IPT) for the four groups; young males, 
young females, older males and older females. The values are provided for the four levels of voluntary contractions during 
Dorsiflexion. 
MVC Group FN (NKg
-1) TS (S) IPT (S) AUC (N.S) CoV 
  Av SD Av SD Av SD Av SD Av SD 
25% 
Young Males 0.65 0.5 3.9 1.8 0.4 0.2 11.5 7.3 3.1 2.1 
Young Females 0.91 0.7 4.2 1.1 1.2 1.0 16.9 6.5 4.1 0.7 
Older Males 0.40 0.2 4.2 3.3 1.1 0.7 17.2 8.4 3.4 4.6 
Older Females 0.33 0.1 3.7 2.3 0.8 0.6 19.1 3.8 2.3 2.1 
p value (Y vs O) 0.02 0.43 0.16 0.14 0.52 
50% 
Young Males 1.01 0.4 3.8 1.6 1.1 0.5 8.5 4.4 4.1 3.1 
Young Females 1.29 0.7 4.4 1.9 1.6 2.3 14.9 13.9 4.7 3.2 
Older Males 0.81 0.5 4.1 1.2 1.3 0.8 24.1 21.8 6.6 6.5 
Older Females 0.67 0.2 5.5 1.7 0.8 0.5 28.1 10.3 5.8 4.4 
p value (Y vs O) 0.03 0.02 0.83 0.01 0.32 
75% Young Males 1.44 0.6 5.5 2.1 1.3 1.2 11.8 5.5 4.6 4.4 
Young Females 1.72 0.9 4.6 2.5 0.6 0.2 13.6 5.4 2.5 0.6 
Older Males 1.18 0.7 4.5 2.3 1.4 0.8 27.5 6.6 6.4 5.6 
Older Females 0.99 0.3 6.9 2.3 1.4 1.8 32.9 9.7 10.7 6.3 
p value (Y vs O) 0.05 0.01 0.38 0.001 0.01 
100% 
Young Males 1.62 0.7 4.8 1.7 1.5 1.5 13.4 9.6 4.4 2.4 
Young Females 2.07 0.9 3.9 1.1 1.5 1.1 16.5 11.5 3.6 2.2 
Older Males 1.53 0.9 5.6 1.2 1.8 0.5 25.2 14.1 5.1 4.6 
Older Females 1.37 0.4 5.9 1.5 1.2 0.9 30.2 19.1 10.3 6.7 
p value (Y vs O) 0.19 0.39 0.54 0.02 0.03 
 
  
Table 6: Average (Av) and Standard deviation (SD) of the five features (TS, FN, CoV, AUC and IPT) for the four groups; young males, 
young females, older males and older females. The values are provided for the four levels of voluntary contractions during 
Plantar flexion. 
MVC Group FN (N.Kg
-1) TS (S) IPT (S) AUC (N.S) CoV 
  Av SD Av SD Av Av Av SD Av SD 
25% 
Young Males 1.37 0.3 3.9 1.7 0.7 0.4 5.8 4.6 0.7 0.5 
Young Females 0.96 0.4 2.5 1.0 0.8 0.7 5.1 4.7 1.7 1.3 
Older Males 1.54 0.5 4.3 3.9 1.3 1.2 6.9 5.1 3.3 2.9 
Older Females 1.38 0.5 3.5 0.7 1.0 0.5 5.7 3.1 1.9 1.4 
p value (Y vs O) 0.08 0.89 0.22 0.57 0.26 
50% 
Young Males 2.72 0.7 3.3 1.3 0.5 0.4 2.9 2.2 0.8 0.3 
Young Females 1.49 0.7 2.3 0.8 0.9 0.6 5.2 5.5 0.8 0.2 
Older Males 2.09 0.5 3.2 1.2 0.9 0.4 7.9 4.2 4.6 3.7 
Older Females 2.30 0.5 4.7 1.6 1.5 0.9 7.2 4.1 1.1 0.7 
p value (Y vs O) 0.75 0.26 0.07 0.03 0.08 
75% Young Males 3.98 1.9 4.4 1.1 1.2 0.8 6.1 5.9 1.6 1.4 
Young Females 1.06 0.9 3.2 1.0 1.1 0.6 4.5 3.2 1.1 0.5 
Older Males 2.96 0.7 4.2 1.5 0.9 0.4 9.3 4.6 6.7 5.8 
Older Females 2.78 0.7 6.1 1.9 1.7 1.6 11.7 8.5 5.6 4.3 
p value (Y vs O) 0.8 0.44 0.45 0.02 0.88 
100% 
Young Males 5.15 1.5 4.9 2.4 1.0 0.7 5.5 2.9 1.0 0.5 
Young Females 2.61 1.3 4.3 2.8 0.8 0.4 10.8 8.1 2.7 1.6 
Older Males 3.81 0.7 3.7 1.5 1.3 0.9 10.5 6.7 4.8 4.1 
Older Females 3.61 1.1 6.5 2.3 1.7 1.6 16.2 7.5 1.1 1.1 
p value (Y vs O) 0.75 0.01 0.11 0.05 0.54 
 
In order to determine the statistical significance of the difference between each of the five 
features for every MVC level, multi factor ANOVA (α = 0.05) was performed with age, gender 
and force level (%MVC) as factors, separately for dorsiflexion and plantar flexion. Statistically, 
there was a significant effect of %MVC (p<0.05) and age on all these parameters as tabulated in 
Table 5and Table 6.  
The mean and standard deviation plots corresponding to the parameters study have also been 
plotted in Figure 20 and Figure 21.    
 
 Figure 20: Average and Standard deviation plots of (a) FN, (b) TS, (c) IPT, (d) AUC and (e) CoV for the four groups (left to right); 
young males (YM), young females (YF), older males (OM) and older females (OM) for the four levels of voluntary contractions 
during Dorsiflexion 
 
 
 
 Figure 21: Average and Standard deviation plots of (a) FN, (b) TS, (c) IPT, (d) AUC and (e) CoV for the four groups (left to right); 
young males (YM), young females (YF), older males (OM) and older females (OM) for the four levels of voluntary contractions 
during Plantarflexion. 
 
 
 
 
6.5 Results 
The observations from results of dorsiflexion and plantarflexion are as follows. 
Dorsiflexion Table 5and Table 6. 
 
 
 
 
 
 
  
Table 5 shows that FN was significantly different for all MVC (p<.05) for the four groups with the 
rank (in ascending order); OF, OM, YF and YM having the highest. The CoV was also 
significantly different but only for higher MVC (75% and 100%) and the comparison shows the 
older cohort to have higher variance, with the ranking in ascending order; YF, YM, OM and OF. 
The AUC was also found to be significantly different at 50%, 75% and 100% MVC, being higher 
for the older subjects and for women, the ranking in ascending order being; YM, YF, OM and 
OF. From this table, it is also observed that at 25% MVC, there was no significant difference 
between the older and the younger participants for TS, CoV, AUC and IPT.  
Plantarflexion 
During plantarflexion, the age associated difference in the AUC was significant in the higher 
levels of MVC, and was ranked in ascending order as; YM, YF, OM and OF. AUC was in general 
higher at higher levels of force. It is also observed that maximal forces produced during 
plantarflexion were higher in comparison with the dorsiflexion. When normalized the subject’s 
body mass, force (FN) by YM was the highest while younger women the least across all MVC s. 
While there was no gender effect in older group, they recorded much lesser values than younger 
men. CoV was higher in older subjects compared to younger group with highest in older males 
recording most variability in all force levels. Similar to dorsiflexion results, AUC and IPT were 
higher in older subjects and gender played a significant effect as women in both the groups 
showed higher values than their male counterparts in across all MVC s. In addition to that, AUC 
increased with increasing MVC level in all groups indicating that the variability in force 
increased with force level.  
6.6 Discussion 
This population based experimental study has compared moderately active people with similar 
BMI. It has developed a baseline to identify age and gender associated differences in the value 
and stability of the force exerted on the foot-plate during isometric plantarflexion and 
dorsiflexion. It also studied the peak generated at the start of the exercise, the time to 
stabilization and the integral of the damped oscillations before stabilization.  
The results show that there is age-associated increase in AUC prior to stabilization and variability 
during steady force dorsiflexion. This indicates the reduction in the ability to perform accurate 
muscle control, and to maintain stability of force of contraction by the Tibalis Anterior (TA). 
This confirms the results of Vaillancourt et al who observed the reduced ability of older people 
to have precise control. (Vaillancourt and Newell 2003) The results also show age-associated 
reduction in the force of maximal force during dorsiflexion, and this confirms that TA is affected 
significantly by age (Kent-Braun and Ng 2000) which was also observed in knee flexors. 
(Bazzucchi, Marchetti, et al. 2005) YM have the highest fast fibers have highest strength, reach 
stability early and have lowest variability after stabilization.  
The absence of significance during plantarflexion due to age, gender or level of force of TS, FN, 
CoV and IPT can be attributed to the weight of the leg that would provide increase in the force 
sensor output while providing stabilization. Another reason for lack of significant difference 
could be that the Triceps Surae, especially the Soleus, which is responsible for plantarflexion, 
has lower Fast to Slow ratio and undergoes less change with age. (Korff, et al. 2014) 
One possible reason associated with the increase in CoV of force during dorsiflexion is that there 
is age-associated reduction in the number and increase of the size of motor units. (Martini, et al. 
2001)  (Bazzucchi, Marchetti, et al. 2005) (Korff, et al. 2014) This observation is consistent with 
the findings of Spirduso et al for the TA muscle. (Spirduso, Francis and MacRae 1995) A 
number of physiological factors such as the force-length, force-velocity, and force-extension 
relations filter the relationship between neural input and force output in a nonlinear manner in a 
muscle. (Hasson, Van Emmerik and Caldwell 2014) Since a combination of these factors differ 
in older adults, these differences may have important consequences for postural control. 
6.7 Summary 
This study has experimentally determined that there is significant age and gender difference in 
the maximal force (normalized by body-mass) and its stability at the foot plate during 
dorsiflexion.  The difference during plantarflexion is less significant. It was also observed that 
with age, there was an increase in the total momentum (AUC) that was used by the participant to 
stabilize the force, difference being more significant during dorsiflexion. The age and gender 
associated differences during dorsiflexion can be explained based on the age-associated loss of 
fast fibers in the Tibialis Anterior. The lack of significant difference during plantarflexion may 
be attributed to Triceps Surae having relatively small number of type II motor units and therefore 
undergoing smaller age-associated changes to the type of motor units. 
 
Chapter 7 
Discussion 
7.1 Brief discussion of the thesis observations   
The organization of muscle fibers (bundles, fibers, fibrils, myofilaments) in the muscle 
architecture is fractal in nature. (Goldberger and West 1987) There is age-associated decrease in 
muscle mass caused by two factors; loss of muscle ﬁber numbers and decrease in muscle ﬁber 
sizes (Ng and Kent-Braun 1999) which diminish the muscle function.  
Studies have reported net increase in the motor unit density (Ng and Kent-Braun 1999) and 
reduced number of motor units (Doherty, Vandervoort and & Brown 1993) among the older 
people. This could reduce the complexity of the muscle activity and thus reduction in the 
complexity of the sEMG signals. This has been seen in this experimental study where age-
associated reduction in the fractal dimension of sEMG signals was observed. While previous 
investigations have shown age-associated increase in force variability during isometric 
contraction of the biceps brachii and reduction in the complexity of sEMG. (Arjunan and Kumar, 
Age Associated changes in Muscle Actvity during Isomteric Contractions. 2013), no such study 
has been conducted on TA.  
There is reduction in number of excitable motor neurons with ageing while the number of muscle 
fibers remains largely unchanged for significantly longer period. The associated physiological 
adaptation is referred to as motor-unit adaptation or remodeling (Doherty, Vandervoort and & 
Brown 1993) where while the number of motor units decrease, the motor units becomes larger 
which affects the capacity to produce steady force. (Vandervoort 2002) The number of motor 
units in the muscle remains stable until the age of 60 (Doherty, Vandervoort and & Brown 1993) 
but then decreases rapidly (Roos, Rice, & Vandervoort, 1997). The type II muscle fibers are 
selectively denervated as their motor neurons die with age and are re-innervated by collateral 
sprouting of axons developed by slow-twitch motor units. (Roos, Rice and Vandervoort 1997) 
The new functional reorganization results in greater relative contribution of each motor units to 
the net force as more fibers are activated by each motor neuron, therefore fewer motor units are 
recruited to activate the same number of fibers. (Enoka, et al. 2003) This could contribute to the 
reduction in the FD of sEMG observed in all the four muscles studied (reported in Chapter 4).  
Cross-sectional comparisons between young (~25 yrs) and older (~75 yrs) cohorts for plantar 
flexor muscles has been found to show 20% decrease of Triceps Surae muscle volume and 35-
40% loss of muscle strength. (Dalton BH 2009) (Morse, Thom and Davis, et al. 2004) It is also 
reported that TA experiences a loss of fast fibers from 14% to 24% with age (Jakobsson, et al. 
1988). In LG the number of fast fibers remains unchanged with age while their size decreases 
(Coggan, et al. 1992) Age-related decrease in muscle mass has also been observed in Triceps 
Surae (Barber, et al. 2013), (Csapo, et al. 2014) which was larger than the reduction in TA 
(Barber, et al. 2013) This may be attributable to the statistically significant age association on FD 
of Sol muscle observed in this study (shown in Table 2 and Table 3 in Chapter 4). Literature 
demonstrates that the quality of skeletal muscles, defined as the capacity to generate force 
progressively deteriorates during the ageing process, while muscle atrophy per se is but one 
reason for the decline in functional performance.  (Morse, Thom and Davis, et al. 2004) The 
reduction in force generation capacity has been supported by changes in EMG associated to the 
greater relative contribution of single motor unit to the net force and the narrow recruitment 
range that occurs with the decline in motor number with age. (Burnett, Laidlaw and Enoka 2000) 
(Laidlaw, Bilodeau and Enoka, Steadiness is reduced and Motor Unit discharge is more variable 
in old adults. 2000) 
Another aspect of ageing on the muscles is the change in the ratio of Type I and Type II fibers, 
with differential reduction in Type I. Other changes are; (i) the shape of the muscles, where TA 
fibers in the elderly appear flattened and less pennate compared with the young (Andersen 2003) 
(Blazevich 2006) and (ii) the number of sarcomeres per muscle fiber declines in both parallel and 
series alignments. (M. Narici, et al. 2003) The consequence of such changes is the decline of 
muscle function in the joint torque and maximal force output since increases in muscle fiber 
angle allow higher muscle forces, while increases in muscle fiber length allow for forces to be 
generated over larger length ranges. (Blazevich 2006) (M. Narici, et al. 2003) (Runge, et al. 
2004) These reports support the observations made in Chapter 6 where age-associated reduction 
in the force of maximal force during dorsiflexion was found to be statistically significant. 
The larger motor units exhibit lower firing rates and higher variability of discharges, which 
reflects the slowing of the muscle and may limit the force production in older individuals. 
(Aagaard, Simonsen, et al., Increased rate of force development and neural drive of human 
skeletal muscle following resistance training. 2002) (Aagaard, Simonsen, et al., Neural 
adaptation to resistance training: changes in evoked V-wave and H-reflex responses. 2002)  (M. 
Deschenes, Effects of aging on muscle fibre type and size. 2004) These changes may decrease 
the efficiency of the central nervous system in producing specific corrections to changes in 
muscle length by reducing the fine-tuning of stretch reflex output. (Mynark and Koceja 2001) 
This could be attributed to the increased time taken to reach a steady submaximal force level by 
the foot observed in this research in Chapter 6.  Furthermore, research findings have shown that 
in elbow flexor muscles, the coefficient of variation of force fluctuation under isometric 
contraction at low target forces (5% and 10% of MVC) is more pronounced in older adults, than 
in young adults, respectively. (Pereira, et al. 2015) The results from calf muscles in this study 
also showed a significant increase in coefficient of variation which mostly increased with 
increasing levels of target force.  
One of the factors responsible for force fluctuation is the simultaneous activation of the agonistic 
and antagonistic muscles. Associated with ageing there is an increase in the relative co-activation 
of the antagonist muscle. This justifies the third aspect of this research where the difference 
between co-activation of the young and the old was experimentally measured. It was observed 
that in older subjects, the normalized sEMG of agonistic muscles reduced and antagonistic 
muscles increased for both, dorsiflexion and plantar flexion. Both of these factors contributed 
towards increase in the overall co-activation index around the ankle joint in the elderly.  
The coordination of agonist and antagonist muscle has been described to be modulated at the 
spinal level via regulating the excitation of motoneuron pools through the common drive (De 
Luca and Mambrito 1987), or activating Ia inhibitory interneurons through the synaptic 
reciprocal inhibition. (Nielsen and Kagamihara 1993) It has also been previously demonstrated 
that the reduced rate of motor learning with ageing might be associated with increased levels of 
antagonist activity in the elderly adults. (Chen, et al. 2014) While the assessment of the 
underlying cause is outside the scope of this work, possible explanation is the altered common 
drive and reduced reciprocal inhibition in elderly subjects which may be contribute to these 
observations.  
Studies have shown that young and older individuals adopt different neural strategies to maintain 
motor output at equal levels during planar flexors and dorsiflexors submaximal contractions. 
Young subjects modulate presynaptic inhibition, whereas older subjects rely less on presynaptic 
inhibition and more on direct motor activation. (Butchart, et al. 1993) (Klass, Baudry and 
Duchateau, Age-related decline in rate of Torque development is accompanied by lower 
maximal motor unit discharge frequency during fast contractions. 2008) All these factors are 
responsible for the marked force unsteadiness observed experimentally in this research. Previous 
studies into EMG activation of knee extensors (Vastus Medialis, Vastus Lateralis and Rectus 
Femoris) and knee flexors (Biceps Femoris and Semimembranosus) in older adults with normal 
and impaired mobility identified that older adults with impaired mobility had lower activation of 
knee extensor muscles in all maximal voluntary contractions. (Clark, Patten, et al. 2010) (Clark, 
Manini, et al. 2013) Additionally, the lower activation of knee extensor muscles was associated 
with lower torque and power in all isokinetic trials. However, the findings of this study did not 
support the hypothesis that increases in antagonist co-activation leads to strength deficits during 
fast contractions. (Clark, Patten, et al. 2010) Thus, the novelty contribution of this study is the 
demonstration that agonist muscle activation deficits as well as increased antagonistic activation 
may contribute to reduced lower limb strength.  
 
 
 
  
Chapter 8 
Conclusions  
Functional motor activities are especially difficult for older adults due to sensorimotor deficits 
related to age, exposing these older adults to fatal accidents and serious injuries. (Kemoun, et al. 
2002) (Moreland, et al. 2004)  There is urgent need for non-invasive and easy to use modality to 
estimate these risks for preventative measures. This research has investigated the use of sEMG 
signals to identify the difference in the muscles of healthy young (20-35 years) and older (60-80 
years) subjects of both genders when performing isometric ankle plantar flexion and 
dorsiflexion. For this purpose, three factors of the signal were investigated; co-activation, change 
in complexity and force output parameters such as ankle force, time for stabilization and 
coefficient of variation of the force.  
The co-activation patterns of the ankle plantar and dorsi- flexor muscles were studied. It 
confirms the hypothesis regarding the age associated changes in agonist - antagonist muscle 
activity in providing joint stability.  
Ageing and disease are associated with a loss of complexity in the dynamics of many 
physiological systems. This age associated reduction in complexity of sEMG signals has been 
confirmed in this study for lower leg muscles. This loss of complexity may reduce the ability to 
adapt to stress and lead to the syndrome of frailty. 
 Stabilizing contractions across a range of intensities requires appropriate neural activity in 
cortical centers as well as coordination of muscles around the respective joint. (Brown, Ross and 
Mynark 2004) Therefore, one of the motivations of this study was to determine age-related 
changes across a range of low and high level forces during isometric ankle flexion contractions 
in healthy young and elderly adults. Understanding key cortical areas associated with control of 
the lower leg in healthy young adults establishes a foundation for identifying the plasticity of 
these areas with impaired motor function that can occur with ageing and neurological conditions 
as well as enhanced function that is possible with physical exercise in all populations. (Crowley-
McHattan 2013) 
In addition to providing joint stability, co-activation improves the accuracy for fine motor 
activities (Hortobágyi and Devita, Mechanisms Responsible for the Age-Associated Increase in 
Coactivation of Antagonist Muscles 2006) such as maintaining isometric contraction. However, 
this study has found an increase of co-activation in the elderly while there is also reduced 
steadiness of the force. This counter-intuitive observation can be explained in terms of reduction 
in the strength of the muscle force.   
8.1 Novelty Contributions of this thesis  
The following presents the main contributions of this thesis: 
1. Co-activation around the ankle joint was found be higher in older subjects with a decrease 
in agonistic muscle activity and increase in antagonistic activity. It was also found that the 
gender of the subject played a significant role as women were found to have a higher co-
activation in both age groups than males; 
2. Fractal dimension (FD) of sEMG signals of lower limb muscles was observed to be lower 
in the elderly as compared to the young. It was also seen that ageing effects different 
muscles at a different rate owing to differences in their muscle fiber composition; 
3. Force fluctuations were noted to be significantly greater in the elder subjects during 
isometric dorsiflexion. Older subjects not only take longer time to achieve a submaximal 
level of contraction but also showed instability in maintaining the force level. Women of 
both age groups were also observed to have lower value and stability of force during 
dorsiflexion compared with the males in the corresponding group. 
8.2 Limitations and Future work 
Even as it is often assumed that there are linear decrements in function with increasing age, the 
relationship between age and physiological function in humans is complex. Interpretation of this 
relationship is influenced by numerous confounding factors, particularly in cross-sectional 
studies. These include genetic variation and a number of lifestyle factors, such as sedentary 
behavior or dietary choices which are arguably the most critical. (Delmonico, et al. 2009) Thus, 
to try to define more appropriately the relationship between age and physiological signals, this 
study attempts to study differences in superficially recorded muscle signals, by studying a 
moderately active cohort of healthy young and older subjects of either gender. The data revealed 
a number of significant associations between age and SEMG signals. However, to reveal more 
precise age-related changes, longitudinal studies should be conducted and to reveal effects of 
neuromuscular properties on physical function, well designed randomized controlled 
experiments should be conducted.   
While this study has conducted conclusive studies related to time domain analysis of sEMG, 
there is scope for improved understanding of various other time domain and frequency analysis 
techniques of muscle signals of different properties. There is the need for increased number of 
subjects and to conduct experiments over a longer period of time to determine the impact of 
inter-experimental variations. The limited sample size with high inter individual variability in 
some parameters resulted in modest statistical power. However, if significant age-related 
difference was unnoted due to low statistical power the functional relevance of such difference is 
probably small. High density surface EMG (HDsEMG), using dense arrays of individual 
electrodes, to obtain information from the muscle is currently being tested for the assessment of 
parameters such as motor fiber conduction velocity, spatial distribution of motor units among 
others. It is envisaged that HDsEMG can potentially be used to better quantify the age and 
gender based alterations in neuromuscular properties.  
Finally, all the subjects in the current thesis included only healthy people with no current or prior 
orthopedic and neurological disorders or injuries. Since marked variability is observed in EMG 
signals in patients with in Parkinson's disease and other movement disorders, investigation into 
changes in the characteristic properties of muscles due to ageing in comparison with healthy 
population could aid in early diagnostic and rehabilitation purposes. 
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